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

The Research Topic “Novel Therapeutic Target and Drug Discovery for Neurological
Diseases” consists of 20 articles, including 12 original research papers, seven reviews, and
one systematic review, with contributions from more than 140 authors. This work aims to
compile a collection of articles focused on recent advances in promising therapeutic
targets and biomarkers, new pathological mechanisms, and novel therapeutic agents in
order to provide valuable clues for developing new therapeutic strategies for neurological
diseases.

One group of included articles discusses targets with potential applications for drug
discovery and therapeutic strategies. One such target is the Sigma-1 receptor, a
mitochondrion-associated endoplasmic reticulum membrane protein active in the
central nervous system, whose antagonists showed attractive potential in treating
neuropathic pain and psychostimulant abuse (Hayashi and Su, 2007; Yano et al.,
2018). Ren et al. provide a systematic overview of the role of the Sigma-1 receptor in
regulating neurotransmission, including regulation of excitatory and inhibitory (E/I)
balance via glutamatergic, serotonergic, and GABAergic neurotransmitters, suggesting
that Sigma-1 receptor agonists may be a potent therapeutic target for depression,
particularly in the development of fast-acting antidepressants. Neuraminidase 1
(NEU1) is a subtype of the sialidase family responsible for removing sialic acid
residues from protein-bound oligosaccharides. Notably, mutation of NEU1 results in
sialidosis, a rare genetic metabolic disease (Miyagi and Yamaguchi, 2012). Khan et al.
discuss the associations of NEU1 with neurological disorders and underscore its role in
amyloid precursor protein (APP) and amyloid beta-peptide (A) accumulation and Toll-
like receptor (TLR) activation-dominated microglial activation in Alzheimer’s disease
(AD). The researchers conclude that NEUI is an emerging therapeutic target for AD.
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Genomic analysis and transcriptome profiling have recently been
used as a hypothesis-free approach to identify novel drug targets
for neurological diseases (Zeng et al., 2021; Jiang et al., 2022; Sun
et al,, 2022). Using RNA sequencing analyses and experimental
verification, Zhao et al. identify differentially expressed genes,
microRNAs (miRNAs), and transcription factors (TFs),
constructed miRNA-TF-gene regulatory networks, and
propose several new molecules, such as miR-145-5p and
cysteine and serine-rich nuclear protein 1 (Csrnpl), as
potential therapeutic targets for vascular dementia.

Another group of articles advances our understanding of the
pathological mechanisms of neurological diseases. AD is the
primary factor leading to dementia with unclear pathogenesis.
Islam et al. reveal the specific roles of environmental metals in
aberrant protein misfolding and neuroinflammation in the
brains of multiple AD animal models, implicating cerebral
metabolic disorder as an essential feature of AD. Dai et al.
compare the metabolic properties of AD animal models and
patients based on 78 metabolomic profiles from the public
available data. They propose two proteins, namely Erb-B2
receptor tyrosine kinase 2 (HER2) and neurogenic
differentiation factor 2 (NDF2), as promising biomarkers of
AD along with 16 metabolic pathways common to AD in
mice and patients, implying close associations with the
etiology of AD. Cerebrovascular events are also important
causes of neurological disorders and often lead to secondary
tissue injury; however, there are currently few effective
therapeutic treatments (Rost et al.,, 2022). Mo et al. highlight
the roles of the Wnt/catenin signaling pathway in diverse cell
types of neurovascular units, including maintaining blood-brain
barrier integrity, reducing neuroinflammation and synapse
damage, and promoting remyelination, and suggest this
pathway as a potential therapeutic target for ischemic stroke.
Due to the critical role of microglia in maintaining immune-
inflammatory homeostasis, neuroinflammation is closely
associated with neurological ~disorders (Schwartz and
Deczkowska, 2016; Colonna and Butovsky, 2017). Wu et al.
address the pathological process driven by microglial pyrosis
in neurological diseases and present advances in immunological
strategies for treating neuroinflammation by targeting the nod-
like receptor family pyrin domain containing 3 (NLRP3),
caspase-1, and gasdermins (GSDMs).

Several articles cover drug discovery for nervous system diseases.
Research related to small molecule entities with specific targets has
long attracted attention for AD. Yang et al. report that the N-[N-(3,
5-difluorophenylacetyl)-l-propanoyl]-s-phenylglycine butyl ester
(DAPT), an inhibitor of y-secretase, attenuates cadmium-induced
multi-organic damage and cognitive impairment in mice.
Furthermore, they report that the neuroprotective effect of DAPT
against cadmium toxicity might be associated with inhibition of the
Notch/HES-1 signaling axis. Natural products are significant sources
of leading compounds in drug research and development. Li et al.
report that LY-01, which is derived from the Chinese herbal
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medicine Sophora alosecuroides, alleviates early cognitive decline
in 5xfamilial AD (5xFAD) mice (10 or 13 weeks old) by promoting
endogenous neural regeneration. They demonstrate that LY-01
exerts neuroprotective functions by increasing the number of
new cells, neuronal precursor cells, and length of neurites in the
dentate gyrus of 5XFAD mice, and has similar effects on promoting
proliferation of primary neurons, astrocytes, and primary NSCs
in vitro. Lang et al. report the therapeutic effects of Coeloglossum
viride var. bracteatum extract (CE) on the 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP)-induced mouse model of
Parkinson’s disease (PD). CE, which was extracted from tubers
of Coeloglossum viride var. bracteatum (a traditional Tibetan
medicine), shows beneficial effects on behavioral disability in
mice with MPTP injury. Further investigation of the substantia
nigra and striatum of CE-treated mice revealed inhibition of
astrocyte activation and neuroinflaimmation as well as increased
neuronal survival via recovery of the BDNF-TrkB and FGF2-Akt
signaling pathways. Edaravone dexborneol is a novel drug approved
in China for the treatment of acute ischemic stroke. Chen et al.
report the neuroprotective effect and underlying mechanism of
edaravone dexborneol in a rat model of subarachnoid
(SAH).
dexborneol contributes to sensorimotor functions in rats after

hemorrhage They demonstrate that edaravone
SAH, inhibits neuronal apoptosis in the affected hippocampus
and basal cortex, alleviates oxidative stress, and specifically
reduces toxic lipid peroxide-4-hydroxynonenal (4-HNE) levels in
neurons and astrocytes. Agathisflavone, a flavonoid with anti-
neuroinflammatory and myelinogenic properties, is demonstrated
by do Nascimento et al. to protect injured spinal cord tissue by
increasing the expression of neurotrophins and modulating the
inflammatory response. Mangiferin, which exerts a wide range of
pharmacological activities, is shown by Yan et al. to potentially
alleviate postpartum depression-like behaviors in mice by inhibiting
microglial activation and neuroinflammation via mitogen-activated
protein kinase (MAPK) signaling pathways. Other studies
demonstrate how a structure-based drug discovery strategy
contributes to innovative drug development for neurological
diseases. For example, by analyzing the low-temperature
electromagnetic structure of human tryptophan hydroxylase 2
(TPH2) in the tetrameric state of 3.0 A using cryoelectron
microscopy and testing small molecule activators by molecular
docking and molecular dynamics simulation, Zhu et al. suggest
that CMPD1 is a potentially promising TPH2-targeted compound
for mental disorders.

In summary, the current Research Topic includes original
studies, reviews, and a systematic review regarding novel
therapeutic targets, molecular mechanisms, and potential drug
candidates for the treatment of neurological diseases. The use of
advanced technologies such as transcriptomics, network
pharmacology, and structural biology technology can help
shed light on the complex etiology of central nervous system
diseases, identify new targets, and develop novel active
Furthermore,

substances. natural products with ideal
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neuropharmacological activity are expected to be developed from
substances in fundamental research to translational medicine.
Lastly, we extend our sincere gratitude to the Editorial Office of
Frontiers in Pharmacology, all of the authors, and all of the
reviewers for their valuable contributions to this Research Topic.
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Extracellular vesicles (EVs) are lipid bilayer-delimited particles released by cells, which play
an essential role in intercellular communication by delivering cellular components including
DNA, RNA, lipids, metabolites, cytoplasm, and cell surface proteins into recipient cells. EVs
play a vital role in the pathogenesis of depression by transporting miRNA and effector
molecules such as BDNF, IL34. Considering that some herbal therapies exhibit
antidepressant effects, EVs might be a practical delivery approach for herbal medicine.
Since EVs can cross the blood-brain barrier (BBB), one of the advantages of EV-mediated
herbal drug delivery for treating depression with Chinese herbal medicine (CHM) is that EVs
can transfer herbal medicine into the brain cells. This review focuses on discussing the
roles of EVs in the pathophysiology of depression and outlines the emerging application of
EVs in delivering CHM for the treatment of depression.

Keywords: phytochemials, herbal therapies, extracellular vehicles, exosomes, ectosomes, microvescicles,
depressive disorder

1 INTRODUCTION

1.1 The Potential Application of Extracellular Vesicles for Promoting

Herbal Medicine in Treating Depressive Disorder

Characterized by severe and persistent emotional symptoms, cognitive symptoms, and somatic
symptoms (Bhatt et al., 2020), depression is negatively impacting more than 264 million people as
one of the most prevalent psychiatric disorders (James et al., 2018). The coronavirus disease 2019
(COVID-19) pandemic has also exacerbated the prevalence of depression (Salari et al., 2020).
“Depression” can refer to any of several depressive disorders (DD). Thus, we comprehensively
included depression-related works of literature by searching Mesh term “depressive disorder” and all
entry terms in PubMed. DD requires long-term treatment, placing a heavy burden on public
healthcare systems worldwide. While western medicines, such as tricyclic antidepressants (TCAs),
are often prescribed for DD, efficacy can vary among individuals, in addition to detrimental impact
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FIGURE 1 | Formation mechanisms of two types of extracellular vesicles (EVs). Ectosomes and exosomes are two significant classifications of EVs. Ectosomes are
formed by plasma membrane budding, and their diameter range from ~50 to 1,000 nm. Exosomes range from ~40 to 160 nm and originate in the endosomal pathway
via the formation of early-sorting endosomes (ESEs), late-sorting endosomes (LSEs), and ultimately multivesicular bodies (MVBSs). Exosomes are formed when MVBs are
released by ectocytosis. The exosome population in cells can be highly heterogeneous. Exosomes exhibit different abilities to produce complicated biological
responses in recipient cells depending on their cellular origins and specific content (e.g., amino acids, proteins, lipids, metabolites, cytoplasm).
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due to their anticholinergic properties (McClintock et al., 2010)
(Prado et al, 2018). Thus, complementary and alternative
therapies with fewer adverse effects in treating DD are

urgently needed. Traditional Chinese medicine (TCM)
treatment includes Chinese herbal medicine (CHM),
acupuncture,  moxibustion, and  naprapathy. = The
complementary and alternative approach to treating

depression is widely applied in China with fewer severe side
effects. Many preclinical and clinical studies have demonstrated
the antidepressant effects of different Chinese herbal medicine
(Wang et al, 2017; Milajerdi et al, 2018; Ruan et al., 2019;
Ghasemzadeh Rahbardar and Hosseinzadeh 2020). This paper
mainly discusses the potential of herbal therapeutics in TCM for
treating DD.

Extracellular vesicles (EVs) are lipid bilayer membrane
structures that can carry various nucleic acids, lipids, proteins,
and other small metabolisms. All cells, including both
prokaryotes and eukaryotes, can release EVs as intercellular
communication molecules. EVs play vital roles in interrelated
physiological and pathophysiological processes, including
intercellular communication in the brain. The classification of
different EV types is continuously evolving with advances in
relevant research (Théry et al., 2018). For example, a study by E.
Cocucci suggested that EVs should be broadly categorized as
ectosomes or exosomes based on their size and mechanism of
formation (Théry et al, 2018) (see Figure 1). Ectosomes are
vesicles shed from the superficies of the plasma membrane by
budding outside. These structures can vary in diameter from ~50
to 1,000 nm and thus include microparticles, microvesicles and
large vesicles (Zhang H. et al., 2018). Exosomes originate from
endosomes recycled by exocytosis or endocytosis and range from
~40 to 160 nm in diameter. The formation of exosomes goes
through four stages. Firstly, the cup-shaped early-sorting
endosome (ESE) consists of soluble proteins related to the

extracellular environment and cell surface proteins are formed
by endocytosis. Secondly, late-sorting endosomes (LSEs) are
matured from ESE. Thirdly, intracellular multivesicular bodies
(MVBs) are formed by inward invagination of ESE’s membrane.
Finally, MVBs are released by ectocytosis eventually generate
exosomes (Kalluri and LeBleu 2020). One hypothesis about the
function of EVs proposes that exosomes may take off excessive
components in cells to preserve cellular homeostasis (Kalluri and
LeBleu 2020). Although the physiological purpose of exosome
production remains largely unknown, the studies reviewed in this
article indicate that the function, targeting, and particular
constituent in exosomes suggest that they could play a
significant part by adjusting cell-to-cell communication.

In this article, we deliberate about the application potential of
EVs in herbal therapies for DD by summarizing the body of work
available in PubMed published over the last 10 years. Hence, this
review provides a reference for further research of EVs,
particularly in developing CHM for treating DD.

2 THE PATHOGENIC ROLE OF
EXTRACELLULAR VESICLES IN
DEPRESSION

Depending on the cellular sources, different subcellular
components containing DNA, RNA, proteins, lipids,
metabolites et al. are delivered into recipient cells by EVs,
which can effectively alter the biological response to diseases.
The pathogenesis of depression mainly involves synaptic
plasticity, oxidative stress, intestinal flora, dysregulation of the
hypothalamic pituitary adrenal (HPA) axis, and altered
neurotransmitter metabolism and neuroinflammation (Bhatt
et al, 2021; Zhang et al,, 2021). Signal transmission from one
nerve cell to another is essential for synaptic plasticity (Chivet
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FIGURE 2 | EVs associated pathogenic changes in DD. EV associated
microRNAs and proteins can regulate neurogenesis, neuroinflammation, and
synaptic plasticity in the development of DD.
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etal,, 2012). Given their prominent role in regulating intercellular
communication, more and more researches have explored the
potential parts of circulating EVs in the etiopathogenesis of
depression via the regulation of neurotransmitters. It has been
reported that exosomes are associated with cell-to-cell
communication,  neuroinflammation,  neurogenesis  and
synaptic plasticity in the brain (Sacedi et al, 2019). These
pathophysiological changes in the central nervous system
(CNS) reflect EVs functional potential and emerging
significance in developing DD (see Figure 2). In particular,
most preclinical studies have focused on the roles of
microRNA (miRNA, see Table 1) or protein (Table 2)
contents of EVs in DD.

EVs-CHM-DD

2.1 Extracellular Vesicle-Associated

microRNAs in Depressive Disorders

MiRNAs are small noncoding RNAs(~22 nucleotides) that
perform as post-transcriptional gene regulators through
uniting with target messenger RNAs, typically leading to
their degradation and subsequent silencing of the target
gene (Ramshani et al., 2019). Small (~30-150 nm), secreted
EVs transport miRNAs between cells (Valadi et al., 2007;
Mathivanan et al., 2010; Théry et al., 2018), enabling these
miRNA cargoes to target genes that directly or indirectly
contribute to pathological processes (such as accelerating
neuroplasticity and brain development) related to
depression. For example, one study showed that exosomes
isolated from DD patients could cause depressive-like
behaviors in normal mice, while exosomes isolated from
healthy volunteers and exosomal miR-139-5p apparently
alleviated these behavioral changes (Wei ZX. et al., 2020).
In addition, exosomal miR-207 was found to alleviate
depressive symptoms of stressed mice through targeting
Tril, resulting in inhibition of NF-xB signaling in astrocytes
(Li et al., 2020). These findings thus supported a relationship
between miRNA-bearing exosomes and depression-like
behaviors (Li et al, 2020). Collectively, these findings
suggest that miRNA-bearing exosomes can attenuate or
exacerbate the pathogenesis of depression, although clinical
studies are needed to explore these possibilities in humans (see
table 1).

TABLE 1 | EV-associated miRNAs and their expression in DD.

miRNA Sample source Application Applied Expression References
model/disease species

miR-139-5p  Blood MDD human ) (Wei et al., 2020b; Liang et al., 2020)
miR-207 NK cells CMS mice ) Li et al. (2020)
miR-17-5p Blood Subthreshold depression human ) Mizohata et al. (2021)
miR-29¢ Whole-brain lysates and Flinders Sensitive Line depression model  rats T Choi et al. (2017)

hippocampal
miR-149 Whole-brain lysates Flinders Sensitive Line depression model  rats T Choi et al. (2017)
TABLE 2 | EV-associated proteins and their potential targets in DD.
Proteins Molecular weight Model/disease/intervention Species Sample source Expression References
Aldolase C ~39 kDa Restraint rat serum 7 Gomez-Molina et al. (2019)
Aldolase C ~39 kDa Immobilization rat serum 1 Gomez-Molina et al. (2019)
astrocytic GFAP ~51 kDa Restraint rat serum ) Goémez-Molina et al. (2019)
astrocytic GFAP ~51 kDa Immobilization rat serum 1 Gomez-Molina et al. (2019)
synaptophysin 38 kDa Restraint rat serum l Goémez-Molina et al. (2019)
synaptophysin 38 kDa Immobilization rat serum 1 Gomez-Moalina et al. (2019)
reelin ~388 kDa Restraint rat serum 1 Goémez-Molina et al. (2019)
reelin ~388 kDa Immobilization rat serum 1 Gomez-Molina et al. (2019)
BDNF ~13 kDa Ketamine rat astrocytes 1 Stenovec et al. (2016)
L34 39 kDa MDD human blood 1 Kuwano et al. (2018)
L1CAM 200-220 kDa MDD human plasma 1 Nasca et al. (2020)
IRS-1 180 kDa MDD human plasma ) Nasca et al. (2020)
Sig-1R 25 kDa MDD human plasma ) Wang et al. (2021b)
CD40 ligand 33 kDa MDD human plasma ) Wallensten et al. (2021)
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2.2 Extracellular Vesicle-Associated

Proteins in Depressive Disorders

Clinical and preclinical proteomics studies have indicated that
proteins carried by EVs could potentially serve as biomarkers for
depression (Kuwano et al., 2018; Gémez-Molina et al., 2019;
Nasca et al., 2020). A study by comparing the proteins in small
EVs in two animal models of stress response with depressive-like
behaviors has revealed aldolase C, astrocytic GFAP (glial fibrillary
acidic protein), synaptophysin (SYP, a synaptic protein), and
reelin among the different treatment groups significantly changed
(Gomez-Molina et al,, 2019; Li et al., 2020). In addition, a study
established that SYP, tumor necrosis factor receptor 1 (TNFR1),
and interleukin 34 (IL-34) in DD patients’ neuron derived
exosomes (NDE) were all positively correlated with the
exosomes surface marker cluster of differentiation 81 (CDS81)
(Kuwano et al., 2018). Another clinical study reported more
insulin receptor substrate 1 (IRS-1) in L1 Cell Adhesion
Molecule + (LICAM) exosomes from DD patients. The
increased IRS levels in the LICAM + exosomes were
associated with suicidality and anhedonia (Nasca et al., 2020).
In addition to screening for EV-associated protein biomarkers of
DD, other studies have explored mechanistic connections
between MDD and EV protein cargoes. One such study
reported that ketamine could suppress the secretion of BDNF
and ATP-triggered EV fusion through decreasing astrocytic Ca**
excitability and elevating the possibility of oping narrow fusion
pore (Stenovec et al., 2016). Furthermore, Stenovec et al. found
that ketamine can diminish the cytoplasmic mobility of EVs to
alter the astroglial ability to regulate extracellular K+ (Stenovec
et al., 2020). These cumulative findings suggest that protein-
bearing EVs contribute to the development of DD (possibly
related to the EV fusion process) and could be potential
clinical biomarkers for DD (see Table 2).

3 HERBAL THERAPIES FOR DEPRESSIVE
DISORDERS

Herbal therapies are an integral component of traditional Chinese
medicines (TCM). Currently, herbal therapies are widely used in
China as essential alternative medicine and have been reported to
ameliorate clinical symptoms of COVID-19 (Hu et al, 2021).
Herbal remedies can be taken in many forms in TCM, and studies
into their mechanisms of action and therapeutic efficacy are
typically categorized by whether they are administered as
herbal formulas (multiple herbs prescriptions), individual
herbs, or specific phytochemicals (bioactive herbal
constituents) (Hirshler and Doron 2017; Lin et al, 2019).
Below, we discuss the antidepressant effects of these three
types of herbal therapies.

3.1 Herbal Formulas for Treating Depressive
Disorders
Numerous preclinical and clinical studies of herbal formulas have

described the antidepressant effects of herbs such as Yueju (Ren
and Chen 2017), Chai Hu Shu Gan San (Sun et al., 2018), or lily

EVs-CHM-DD

bulb and Rehmannia Decoction (Chi et al., 2019). The
antidepressant mechanisms differ among these herbal
formulas. For example, Bangpungtongsung-San was shown to
reduce levels of nitric oxide (NO), inducible nitric oxide synthase
(iNOS), cyclooxygenase (COX)-2, tumor necrosis factor-o (TNE-
a), interleukin-1p (IL-1p), and interleukin-6 (IL-6) in a dose-
dependent manner via decreased expression of nuclear factor
(NF)-kB p65, which suggested that its antidepressant effects were
likely related to the suppression of neuroinflammation (Park
et al, 2020). By contrast, the antidepressant mechanisms of
Jiaweisinisan appeared to be associated with regulating
immune-mediated inflammation, cell apoptosis and synaptic
transmission (Chen et al., 2020). In addition, Xiaoyaosan
exhibited synergistic antidepression effects by adjusting
Caspase-3 and Nitric oxide synthase-3 (Liu et al., 2021). These
studies provide mechanistic evidence that at least partially
explains the therapeutic effects of these herbal formulas,
although further analytical chemistry is needed to narrow
down the contributions of each herbal component.

3.2 Individual Herbs for Treating Depressive
Disorders

While herbal formulas comprised of multiple herbal components
are commonly prescribed for DD, several herbal therapies
reported to provide antidepressant effects use individual herbs,
such as Cistanche (Wang et al., 2017), rosemary (Ghasemzadeh
Rahbardar and Hosseinzadeh 2020), Angelicae Sinensis Radix
(Gong et al., 2019). Senegenin (Li H. et al., 2017), Panax ginseng
(Wang W. etal,, 2018), Lonicera japonica Thunb (Liu et al., 2019),
Polygonum aviculare L. (Park et al., 2018), Hemerocallis citrina
(Li CF. et al.,, 2017), Ginkgo (Zhao et al., 2015) and Armillaria
mellea (Vahl) P. Kumm. (Lin et al, 2021). exert the
antidepression effect through inhibiting neuroinflammation.
Lycium barbarum deploys a protective effect on depression by
promoting neurogenesis (Po et al., 2017). Baicalin exerts an
antidepressant  effect  through  enhancing  neuronal
differentiation (Zhang R. et al., 2019). Perilla frutescens (Ji
et al., 2014a), Tribulus terrestris (Wang Z. et al., 2013), and
Rehmannia glutinosa Libosch (Wang JM. et al., 2018) alleviate
depression by regulating neuroendocrine. Angelicae Sinensis
Radix manifests an antidepression effect by modulating the
hematological anomalies (Gong et al, 2019). Agarwood
exhibits the antidepressive effect by suppressing the HPA axis
(Wang S. et al,, 2018). Here we listed herbs that were reported to
be effective in treating depression published in the past 10 years
(see Table 3).

3.3 Phytochemicals for Treating Depressive

Disorders

Although many herbs can exhibit various biological responses,
the specific molecular mechanisms of these activities are still
mainly uncharacterized. Because of the complexity of multiple
chemicals and their efficacies, few herbal pharmacokinetic
parameters have been applied successfully for therapeutic
monitoring. From the herbal formulas to the individual
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TABLE 3 | Antidepressant mechanism of herbs.

Herbs Model Species Antidepressant mechanism References

Senegenin CUMS mice T BDNF and NT-3. |[NF-xB, NLRP3 Li et al. (2017¢)

Lycium barbarum DXM rats Thippocampal neurogenesis induced by DXM. Po et al. (2017)

Panax ginseng LPS mice 1IL-6 and TNF-a in serum; IkB-a, NF-xB.TBDNF, TrkB, Sirt 1 in the hippocampus; SOD. Wang et al.
(2018d)

Lonicera japonica Thunb CUMS mice TNLRP3, IL-1p, caspase-1 in the hippocampus Liu et al. (2019)

Perilla frutescens CUMS mice 16-HT and 5-HIAA in the hippocampus. |IL-6, IL-1, TNF-a Jietal (2014a)

Polygonum aviculare L RS mice |CORT, 5-HT, adrenaline, noradrenaline in the brain and serum; CD68, Ibal-1, TNF-a, IL-6,and  Park et al. (2018)

IL-1B in the brain

Hemerocallis citrina LPS mice INF-kB, iINOS, COX-2 in the prefrontal cortex Li et al. (20174)

Ginkgo LPS mice ITNF-q, IL-1B, IL-6, IL-17A.TBDNF, IL-10 in hippocampus Zhao et al. (2015)

Tribulus terrestris CMS rats |CRH and CORT in serum Wang et al.
(2013b)

Rehmannia glutinosa CUMS rats |CORT in serum.Tprotein and mRNA of BDNF, mRNA of TrkB in the hippocampus Wang et al.

Libosch (2018b)

Agarwood RS mice lIL-1a, IL-1B, IL-6 in serum; NNOS mRNA in the cerebral cortex and hippocampus; nNNOS Wang et al.

protein in the hippocampus (2018c)

Armillaria mellea (Vahl) P. FST, rats UIL-1B, TNF-a in the serum and cerebrum; IBA1 Lin et al. (2021)

Kumm UCMS

Angelicae Sinensis Radix CUMS rats |PDK-1, LDHA Gong et al. (2019)

Baicalin CUMS mice Tp-Akt, FOXG1, and FGF2 Zhang et al.
(2019b)

phytochemicals, the object of study becomes more precise.
Because the structure of phytochemicals is explicit, it is gained
more and more attention recently. As chemical compounds
produced by herbs, phytochemicals can be used as the basic
unit of herbal research. Table 4 presents antidepressant
mechanisms of reported phytochemicals in recently 10 years
(see Table 4).

4 EXTRACELLULAR VESICLES AND
HERBAL THERAPIES

Herbal formulas are composed of various herbs, and the
individual herb is composed of a variety of phytochemicals.
Due to the complex composition of herbal formulae and
individual herbs, it is challenging to use EVs to deliver herbal
formulas. There are studies using EV's to deliver phytochemicals.
A study reported that EVs packaged with curcumin preserve mice
from septic shock provoked by lipopolysaccharide (LPS), and it
also shown EVs can increase their bioavailability stability and
solubility when served as vehicles of curcumin (Sun et al., 2010).
Another study reported daily intranasal delivery of curcumin-
loaded EVs  diminished  experimental
encephalomyelitis, whose mechanism may resulted from
increasing induction of apoptosis in microglial cells (Zhuang
et al., 2011). These studies demonstrate the potential of EVs for
delivering phytochemicals.

In addition, the EV's secreted from cells treated with herb and
herb-derived EVs exhibit a therapeutic effect. Ruan et al. found
Suxiao Jiuxin pill promotes cardiac mesenchymal stem cells
(CMSC) secret exosome through a GTPase-dependent
pathway (Ruan et al., 2018a). Exosomes extracted from Suxiao
Jiuxin pill-treated CMSC can also decline the expression of
H3K27  demethylase = UTX,  furthermore,

autoimmune

enhance

cardiomyocyte proliferation (Ruan et al., 2018b). Besides EVs
secreted by cells treated with herbal formulas, the EVs isolated
from plant samples also had therapeutic functions (Kim et al.,
2021). Vesicles derived from plants are structural units
composed of various primary and secondary metabolites,
which play a synergistic role in biological transport and
pharmacodynamics (Cao et al., 2019b). Zhang et al. reported
that plant cell secrets, EVs, and plant-derived EVs could be a
new therapeutic method against diseases (Zhang et al., 2016c).

For example, EVs-liked ginseng-derived nanoparticles
(GDNPs) can be recognized and internalized with
macrophages and induce Ml-type polarization of

macrophages to inhibit melanoma growth in mice (Cao
et al,, 2019¢). Exosomes derived from ginseng can promote
the neural differentiation of bone marrow derived mesenchymal
stem cells (Xu et al., 2021). In addition, the targeting specificity
of plant-derived EVs can also be improved by modifying their
surface. For example, folate-conjugated arrowtail pRNA-3W]
were reported to facilitate the binding and uptake of ginger-
derived exosome-like nanovesicles to NK cells (Li et al., 2018).

Moreover, EVs are used as biomarkers in herbal research. For
example, Platelet-derived microvesicles (PMVs) were the
indicator of platelets activation in a study that explores
Tanshinone IIA’s function in a cluster of differentiation 36
(CD36) and mitogen-activated protein kinase kinase 4/c-Jun
NH 2 terminal kinase (MKK4/JNK2) signaling pathway
(Wang H. et al, 2020). Tanshinone IIA also elicited its
impacts by the eicosanoid metabolism pathway and provoking
endothelial microparticles production (Liu et al, 2011).
Macropinocytosis is known to be a form of actin-dependent
endocytosis, which is an endocytic procedure that typifies the
engulfment of macropinosomes. Macropinosomes are large
vesicles that consist of extracellular fluid. Tubeimoside-1
(TBM1), a low toxic triterpenoid saponin isolated from
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TABLE 4 | Antidepressant mechanism of phytochemicals.

Phytochemicals

Trans-cinnamaldehyde

Trans-cinnamaldehyde

Perillaldehyde

Perillaldehyde
Ferulic acid
Resveratrol

Resveratrol

Honokiol

Baicalein

Helicid

Gastrodin

Salidroside

Salidroside
Z-guggulsterone
3-(3,4-methylenedioxy-5-
trifluoromethyl phenyl)-2E-

propenoic acid isobutyl amide
Sinomenine

Andrographolide

Curcumin

Curcumin
2,3,5,4'-Tetrahydroxystilbene-2-
O-beta-D-glucoside
2,3,5,4'-Tetrahydroxystilbene-3-
O-beta-D-glucoside

Puerarin

Baicalin
Baicalin

Baicalin

Baicalin

Molecular
weight
132.16 o/
mol
132.16 g/
mol

150.22 g/
mol

150.22 g/
mol
194.18 g/
mol
228.24 g/
mol
228.24 g/
mol
266.3 g/mol
270.24 g/
mol
284.2 g/mol
286.28 g/
mol
300.3 g/mol
300.3 g/mol
312.4 g/mol
315.29 g/

mol

329.4 g/mol

350.4 g/mol

368.4 g/mol
368.4 g/mol
406.4 g/mol

406.4 g/mol

416.4 g/mol

446.4 g/mol
446.4 g/mol

446.4 g/mol

446.4 g/mol

Original medical
herbs

Ramulus Cinnamomi

Cinnamomum cassia

Perilla frutescens

Perilla frutescens
Radix Glycyrrhizae
Veratrum album

Veratrum album

Magnolia officinalis

Scutellaria
baicalensis
Helicia nilagirica

gastrodia elata
Rhodiola rosea
Rhodiola rosea

Commiphora mukul

Piper laetispicum
C.DC

Sinomenium acutum

Andrographis
paniculata

Rhizoma Curcumae
longae

Rhizoma Curcumae
longae

Polygonum
multiflorum
Polygonum
multiflorum

Radix Bupleuri

Scutellaria
baicalensis Georgi
Scutellaria
baicalensis Georgi
Scutellaria
baicalensis Georgi

Scutellaria
baicalensis Georgi

Model

FST

CUMS

LPS

CumMs

CumMs

Ouabain

CumMs

LPS

EAP

CUMS

CuUs

Olfactory
bulbectomized
Olfactory

bulbectomized
CUS

LH and SDS

CUMS

CuMs

CuUMs

CuMs

CRS

LPS

CuUs

CumMs

CumMs

CUMS

Corticosterone

Species

mice

rats

mice

rats

mice

mice

rats

mice

mice

rats

rats

rats

rats

mice

mice

mice

mice

rats

rats

mice

mice

rats

mice

mice

rats

mice

Antidepressant
mechanism

156-HT, Glu/GABA; |COX-2, TRPV1, CB1

| TLR4, NF-xB-1, p-p65, TNF-a, NLRP3,
ASC, caspase-1, IL-1p, and IL-18 in the
prefrontal cortex and hippocampus

| the levels of TNF-a and IL-6 in both the
serum and the prefrontal cortex; T 5-HT
and NE in the prefrontal cortex

L TXNIP, NLRPS, Cleaved caspase-1 and
p-NF-xB p65 in the hippocampus
1IL-1B, IL-6,TNF-a, NF-kB, NLRP3 in the
prefrontal cortex

1 IL-1B, IL-17A, IL-8, TNF-a in plasma

| CORT in plasma and CRH mRNA in the
hypothalamus; TIL-6, CRP, TNF-a in
plasma

| TNF-q, IL-1B, IDO, IFN-y, free calciumin
brain tissue; Tquinolinic acid

ImRNA of TNF-a, IL-1, IL-6, IL-8

TcAMP, PKA C-a, and p-CREB the
proliferation of neurons; |SERTs
TNSCs proliferation in the hippocampus;
1p-ikB, NF-kB, IL-1p

1IL-1B, IL-6; [NF-kB

7GR, BDNF in the hippocampus; |CRHin
hypothalamus

TERK1/2, CREB, pAkt, BDNF in the
hippocampus, hippocampal
neurogenesis

1TSPO, VADCH, Park, Beclin 1, KIFC2,
Snap25

TNE and 5-HT in the hippocampus,
NLRP3; |IL-18, IL-6, and TNF-a in the
hippocampus

INO, COX-2, iNOS, IL-18, IL-6, TNF-a,
p-p65, p-lkBa, NLRP3, ASC, caspase-1
in the prefrontal cortex

1 IL-1B, IL-6, TNF-a and NF-«kB

1 mRNA of IL-18, IL-6, TNF-a, NF-xB

| TNF-q, IL-1B, IL-6 in hippocampal and
prefrontal cortex

1 IL-1B, IL-6, TNF-a, and oxido-
nitrosative stress hippocampus and
prefrontal cortex

T progesterone, allopregnanolone, 5-HT,
and 5-HIAA in the prefrontal cortex and
hippocampus

T neurogenesis, p-Akt, FOXG1, FGF2

LIL-1B, IL-6, TNF-a in the hippocampus,
and TLR4; TPI3K, AKT, and FoxO1
TDCX, NSE, BDNF in the hippocampus,
SOD; |caspase-1, IL-1B in the
hippocampus, MDA.

T the protein of 113-HSD2 in the
hippocampus, mMRNA, and protein of GR
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TABLE 4 | (Continued) Antidepressant mechanism of phytochemicals.

EVs-CHM-DD

Phytochemicals Molecular Original medical Model Species Antidepressant References
weight herbs mechanism
and BDNF; |SGKT1 in the hippocampus
and serum
Iridoids 456.4 g/mol  Gardeniae fructus SRS mice TGIuA1, p-Akt/Akt, p-mTOR/mTOR, Xia et al.
p-P70S6K, PSD-95, Synapsin-1 (2021)
Paeoniflorin 480.5 g/mol  Radix Paeoniae Alba  Interferon-alpha mice | IL-6, IL-10,TNF-a in the medial Liet al.
prefrontal cortex (2017d)
Senegenin 537.1 g/mol  Polygala tenuifolia CUMS mice TBDNF, NT-3; | IL-1p Lietal
Willd (2017¢)
Icariin 676.7 g/mol  Epimedium herb Ovary remove rats TAKT, p-AKT, PI3K (110 kDa, 85 kDa), Cao et al.
and CUS Bcl-2 in the ovaries; |Bax (2019a)
Icariin 676.7 g/mol  Herba Epimedii CMS rats | TNF-a, IL-1B, NF-xB, NLRP3, mRNA of  Liu et al.
iNOS. (2015)
Salvianolic acid B 718.6 g/mol  Salvia militiorrhiza CMS rats INLRP3, MDA; 1CAT, SOD, GPx Huang et al.
Bunge (2019)
Salvianolic acid B 718.6 g/mol  Salvia militiorrhiza CMS mice 1 IL-1pB, TNF-a, apoptosis, and microglia  Zhang et al.
Bunge activation in the hippocampus and (20163a)
cortex; TIL-10, TGF-p in the
hippocampus and cortex
Saikosaponin A 781 g/mol Bupleurum chinense  MCAO with CUMS  rats |Bax, Caspase-3, hippocampal neuronal  \Wang et al.
and isolation apoptosis; TBDNF, p-CREB and Bcl-2 (2021a)
Saikosaponin-D 781 g/mol Bupleurum chinense  LPS mice | HMGBH translocation from nuclear to  Su et al.
extracellular, TLR4, p-lxB-a, NF-kBp65 (2020)
Saikosaponin-D 781 g/mol Bupleurum chinense ~ CUMS rats 7T DCX, p-CREB, BDNF. Lietal
(2017b)
Ginsenoside Rg3 785 g/mol Panax ginseng LPS mice | mRNA of pro-inflammatory cytokines,  Kang et al.
IDO; | IL-6, TNF-a in plasma (2017)
Ginsenoside Rg3 785 g/mol Panax ginseng CuUs rats T progesterone, allopregnanolone, 5-HT ~ Xuetal. (2018)
in the prefrontal cortex and
hippocampus; | CRH, CORT, ACTH.
Ginsenoside-Rg1 801 g/mol Panax ginseng CUMS rats 180D, GSH-Px; |MDA, NO, ROS, 4- Cao et al.
HNE, 8-OHdG (2019b)
Ginsenoside-Rg1 801 g/mol Panax ginseng CUMS rats |CORT in serum; Ttestosterone in serum, Mou et al.
GR protein in the PFC and hippocampus ~ (2017)
Ginsenoside-Rg1 801 g/mol Panax ginseng CSDS mice LINOS, COX2, caspase-9, caspase-3, Jiang et al.
Ibatl in the hippocampus, IL-6, TNF-q, (2020)
IL-1B
Chiisanoside 955.1 g/mol  Acanthopanax LPS mice 1IL-6, TNF-a in serum, BDNF, TrkB, NF-  Bian et al.
sessiliflorus kB in hippocampal; TSOD and MDA. (2018)
Crocin 977 g/mol Gardenia LPS mice | CD16/32 (M1), iINOS, NF-xB p65, Zhang et al.
jasminoides and NLRP3, cleavage caspase-1; 1CD206 (2018d)

Crocus sativus

Bolbostemma paniculatum (Maxim.), efficiently lead to in vitro
and in vivo micropinocytosis, which is able to traffic small
molecules into colorectal cancer (CRC) cells (Gong et al,
2018). Another study demonstrated that matrine could
induce macropinocytosis and the regulation of adenosine
triphosphate (ATP) metabolism (Zhang B. et al,, 2018). In
Fructus Meliae Toosendan -induced liver injury mice, serum
exosomal miR-222 and miR-370-3p were reported as
significantly downregulated miRNAs (Zheng et al., 2018; Yu
et al., 2020). By suppressing TGF1 exosomes transferring from
Glomerular mesangial cells to glomerular endothelial cells,
Tongxinluo can impede renal fibrosis in diabetic
nephropathy (Wu et al., 2017). Buyang Huanwu Decoction
can enhance angiogenic by elevating miRNA-126 levels in
mesenchymal stem cell secreted exosomes (Yang et al., 2015).

(M2) in the hippocampus

5 FUTURE PERSPECTIVES

5.1 Extracellular Vesicles: A New Delivery
Approach for Treatments of Depression?

Blood-brain barrier (BBB) restricts the substances passing
between the CNS and the vascular circulation system, thereby
protecting the CNS from exposure to overactive immune
responses or toxic substances (Obermeier et al., 2013;
Andreone et al., 2015). Since the substrates from the blood
to the CNS is controlled by the BBB (Kadry et al., 2020),
effective drug transfer to the brain poses a challenge for
treating CNS disorders, including neurodegenerative
diseases, stroke, autoimmune diseases, or neuropsychiatric
diseases like DD (Abbott et al., 2006; Upadhyay 2014). Almost
all large molecule biologics and about 98% of small molecule
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FIGURE 3 | EVs for DD treatment by drug delivery. Phytochemicals such as Trans-cinnamaldehyde (TCA), Baicalein (BAI), Helicid (HEL), Z-guggulsterone (ZGU)
and Sinomenine (SIN) can be packaged into extracellular vesicles and conveyed through the BBB to the brain cells (neurons and neuroglial cells), and exert
antidepressant effect by regulating neuroinflammation, neurogenesis and neurotransmitter metabolism through a variety of pathways.
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drugs cannot traverse the BBB (Pardridge 2012). Nevertheless,
the BBB permits transmembrane diffusion of lipid soluble
(lipophilic) molecules smaller than 400 Da and can selectively
transport some compounds into and out of the brain
(Sanchez-Covarrubias et al., 2014). In this context, EVs
could have advantages as drug vehicles, such as their small
size, low immunogenicity, and ability to cross the BBB
carrying cellular components or pharmacological agents
(see Figure 3). Since EVs have the regenerative ability, they
can also be exploited to potentially inhibit ongoing
neurodegenerative processes associated with DD (Bhatt
et al., 2021). Previous researches have established the
successful transmission of exosomes to the brain in mice
via intranasal injection or intravenous administration
(Zhuang et al,, 2011; Yuan et al,, 2017). Another study also
showed that exosomes could pass over the BBB and
communicate bi-directionally between the brain and the
rest of body (Bhatt et al., 2021). Despite the expected
benefits of EVs for the treatment of DD, precise
mechanisms of action and routes of delivery still require
careful and rigorous investigation (Bhatt et al., 2021).
Herbal compounds are derived from diverse natural products.
Since Chinese herbal concoctions are complex and undefined

mixtures, it is challenging to demonstrate which component of
the herbal therapy is responsible for a given effect (Corson and
Crews 2007; Xu 2011). In particular, small phytochemicals could
serve as viable cargoes for EV delivery (Liu et al., 2021) (Li et al,,
2021). Indeed, studies exploring the application of EVs as vehicles
for drug delivery have already begun. For example, curcumin-
loaded EVs were found to protect mice from lipopolysaccharide
(LPS)- induced septic shock (Sun et al., 2010). However, very few
studies have examined DD treatment with phytochemical-loaded
EVs, suggesting great potential for this line of research. For
further references of phytochemical-loaded EVs research of
DD, we screened potential phytochemicals from Table 4 by
Lipinski’s rule of five, the rule of thumb to evaluate if a
chemical compound has chemical properties and physical
properties would make it an orally active drug in humans (see
Table 5).

Besides serving as cargoes for EV delivery, herbs can also be
applied to be the vehicle of EV. Distinct from artificially
fabricated liposomes, plant-derived nanovector was reported to
transport chemotherapeutic agents through mammalian
hindrances such as BBB, and refrain from inflammatory
response or necrosis (Wang Q. et al, 2013). Moreover, the
lipid bilayer structure of plant-derived nanovector can protect
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TABLE 5 | Potential phytochemicals screened by Lipinski’s rule.

Phytochemicals Molecular Hdon Hacc
weight

Honokiol 266.3 g/mol 2 2
Z-guggulsterone 312.4 g/mol 0 2
Ferulic acid 194.18 g/mol 2 3
Perillaldehyde 150.22 g/mol 0 1
Baicalein 270.24 g/mol 3 5
Trans- 132.16 g/mol 0 1
cinnamaldehyde

Sinomenine 329.4 g/mol 1 5
Resveratrol 228.24 g/mol 3 3
Gastrodin 286.28 g/mol 5 7
Salidroside 300.3 g/mol 5 7
Curcumin 368.4 g/mol 3 6

EVs-CHM-DD
AlogP RBN Lipinski’s OB (%) BBB
rule
4.83 5 Yes 60.67 0.92
3.75 0 Yes 42.45 0.33
2 3 Yes 40.43 0.56
2.67 2 Yes 39 1.57
2.33 1 Yes 33.52 -0.05
1.95 2 Yes 31.99 1.48
1.32 2 Yes 30.98 0.43
3.01 2 Yes 19.07 -0.01
-0.95 4 Yes 8.19 -2.29
-0.47 5 Yes 7.01 -1.41
3.36 7 Yes 5.15 -0.76

Hdon and Hacc are possible number hydrogen-bond donors and acceptors, respectively; RBN, means the number of the bonds allowing free rotation around themselves; AlogP value is
the partition coefficient between octanol and water, which is crucial for measuring hydrophobicity of molecule; OB: oral bioavailability; BBB: blood-brain barrier, BBB <-0.3 were
considered as non-penetrating (BBB-), from -0.3 to +0.3 moderate penetrating (BBB=), and > 0.3 strong penetrating (BBB+).

the cargo from the enzymatic decomposition of proteinases and
nucleases (Wang et al., 2015). Since plants do not retain zoonotic
or human pathogens, plant-derived EVs take advantage of non-
immunogenic and innocuous compared with mammalian cell-
derived EVs(Schuh et al.,, 2019; Dad et al., 2021). On the other
side, plant-derived EVs do not have cell targeting specificity
because they have no ligands in comparison to mammalian
cell-derived EVs. Previous studies reported that plant-derived
EVs arrive at the liver and intestines through their natural
biodistribution properties (Wang B. et al., 2014; Zhuang et al.,
2015; Zhang et al., 2016b). Fortunately, plant-derived EVs can
obtain specific cellular targeting by modification (Wang Q. et al.,
2013).

5.2 Herb-Derived Extracellular Vesicles:
Emerging Therapeutics for Depression?

As mentioned before, plant-derived EVs are beneficial to be the
vehicle of phytochemicals since they are innocuous, low
immunogenicity, and editable for target specificity. They
can also promote cellular uptake and have higher stability
in the GI tract (GIT) (Fujita et al., 2018), and the versatile
therapeutic potential of plant-derived EVs rooted in their
active source plants (Mu et al, 2014). Moreover, EVs
extracted from the plant have been reported to be
introduced via oral (Wang B. et al, 2014; Zhang et al,
2017), intravenous (Li et al., 2018), intramuscular, and
intranasal administration (Wang Q. et al, 2013; Ju et al,
2013). This is another advantage of herb-derived EVs
compared with Chinese herb decoction because the
component complexity is always troubling applying effective
Chinese herb to intramuscular, intravenous, and intranasal
administration. These characteristics above make herb-
derived EVs attractive to be an emerging therapeutic.
Although many research have explained the anti-depressant
mechanism of Chinese herbs (see table 3), few studies explored
the effect of Chinese herb-derived EVs in treating depression,
which is an exciting direction required to be followed.

5.3 Extracellular Vesicles: Potential

Biomarkers for Diagnostic Depression

The unique property of EVs that can easily traverse BBB makes
EVs a potential early diagnostic marker of CNS disorders like
depression (Chen et al., 2016; Yao et al., 2018; Cufaro et al., 2019).
Candidate protein biomarkers and potential diagnostic miRNAs
for DD have been suggested (Al Shweiki et al, 2017
Tavakolizadeh et al, 2018; Saeedi et al., 2019). Besides
miRNAs and proteins, exosomes as nanocarriers own the
potential to be diagnostic biomarkers in various CNS disorders
including DD (Perets et al., 2018; Wallensten et al., 2021).

The reasons why exosomes have the potential to be clinical
diagnostics and biomarker are as follow (Kanninen et al., 2016):
Firstly, exosomal contents can be changed along with disease
conditions, which can reflect the dynamic state of disease in real-
time; Secondly, exosomes can be easily extracted non-invasively
from biological fluids (Bhatt et al,, 2021), which is particular
important because non-invasive availability is beneficial to early
diagnosis of DD; Thirdly, exosomal contents are protected by the
membranous structure, which keeps off the degradation of
potential biomarkers (Kanninen et al, 2016); Fourthly,
exosomes are very stable and can be preserved for prolonged
periods (Grapp et al., 2013), making their clinical application
feasible; Fifthly, exosomes can express their original cellular
surface markers, so that they can be traced to their origin;
Last but not least, since exosomes are able to pass over the
BBB, which provide information of CNS cells that is hard to
obtain without invasive techniques (Boukouris and Mathivanan
2015; Kawikova and Askenase 2015; Lin et al., 2015; Aryani and
Denecke 2016). Because exosomes are distributed in all biological
fluids and all cells can secret them, their biogenesis enables the
arresting of the complex extracellular and intracellular molecular
cargo (Kalluri and LeBleu 2020), rendering exosome-based liquid
biopsy attractive in diagnosing the prognosis of DD. Liquid
biopsies can allow us to understand the pathophysiology
change of DD and diagnose the progressive disorders in the
early stages (Topuzoglu and Ilgin 2020). Moreover, studies
relating the biomarkers associated with EVs in the context of
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FIGURE 4 | EVs application for CHM. Combined with metabolomics, proteomics, transcriptomics, and epigenetics, extracellular vesicles can be applied to explore
the mechanism when treating DD with herbal formulas and act as the potential diagnose biomarkers in the clinic and preclinic studies.

DD still need more exploration. However, with the utility of
liquid biopsy in diagnosing the prognosis of DD, the
multicomponent analysis of EVs in the future may determine
the disease progression and response to treatment.

5.4 Extracellular Vesicles: A Connection
Bridge Between Herbal Therapies for
Depression and Metabolomics, Proteomics,

Transcriptomics and Epigenetics Studies

Metabolomics is a discipline to obtain all information of
metabolites in a biological sample and would give mechanistic
insights into the etiology of DD (Nedic Erjavec et al., 2018; Du
et al., 2022). For example, nine potential biomarkers involved the
depression pathogenesis were identified based on metabolomics
analysis by comparing the rats’ serum metabolites of
CUMS(chronic unpredictable mild stress) model group and
Xiao-Chai-Hu-Tang group (Xiong et al, 2016). Proteomics
includes all levels of protein composition, structure, and
activity exploration of proteomes. Shweiki et al. summarized
42 differentially regulated proteins in DD and discussed the
diagnostic potential of the biomarker candidates and their
association with the suggested pathologies (Al Shweiki et al.,
2017). Transcriptomics is the study associated with the process of
all RNA transcripts during the biological process of transcription,
and many transcriptomics studies provide insight into DD
(Belzeaux et al., 2018; Cho et al., 2019; Rainville et al., 2021).
By transferring key miRNAs, exosomes from the neuron,
astrocyte, and neural progenitor cell exhibited significant
efficiency in promoting neurogenesis (Takeda and Xu 2015;
You et al, 2020; Yuan et al, 2021). Xu et al. systematically
identified the miRNAs of exosomes from the juice of ginseng
by transcriptomic technology, and found 44 kinds of miRNAs
perfectly match to the ginseng genome database (Xu et al., 2021).

Epigenetics covers heritable phenotype changes that are not
involved in alterations of the DNA sequence, which is
associated with DD reported by numerous studies (Yeshurun
and Hannan 2019; Wheater et al., 2020; Xu et al., 2020). As
discussed above, EVs are ideal herbal drug carriers due to their
remarkable biocompatibility. Moreover, since DNA, RNA, lipids,
proteins, cytoplasm, and metabolites are delivered by EVs, it can
be taken as the critical point connecting herbal therapies to
metabolomics, proteomics, transcriptomics and epigenetics in
DD (see Figure 4).

6 CONCLUSION

Although CHM has been applied in China for thousands of years
to help people fight many diseases, and some of Chines herbal
original phytochemicals such as artemisinin have already been
proved effective, composition complexity still remains a
strenuous challenge for the mechanistic studies of CHM.
Opportunely, the cargos and ligands of EVs can be
determined by metabolomics, proteomics, and transcriptomics
technologies, which means that the composition of herb-derived
EVs can be specified for further mechanism study. Once the
composition is precise, it can also be applied to different delivery
routes such as intravenous or intranasal administration, which
used to be limited to explore by the composition complexity of
CHM. In addition, non-immunogenic, innocuous, and target-
specific features make herb-derived EVs attractive to be
therapeutic agents.

EVs can serve as drug vehicles for phytochemicals and
biomarkers in developing the treatment for DD. Trials in
intranasal administration of EVs indicate their significance in
CNS diseases and show high promise to be a new medical way to
transfer phytochemicals across the BBB. Since there are no

Frontiers in Pharmacology | www.frontiersin.org

1 March 2022 | Volume 13 | Article 843412


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#articles

Wu et al.

specific biomarkers available for DD, the diagnosis has to depend
on the combination of psychiatric evaluation, physical exam and
lab tests. However, combined with metabolomics, proteomics,
transcriptomics, and epigenetics technologies, the specifically
altered contents in EVs from DD patients can be measured.

Even though EVs own promising advantages for delivering
CHM, especially effective phytochemicals for treating DD, the
components complexity of herbs and herbal formulas makes it
challenging to be delivered by EVs. Moreover, there are few
studies on pharmacological functions and in vivo transport
pathways of CHM-derived EVs, which need more exploration
before clinical practice. Therefore, the CHM study of EVs is still
in the initial stage. More in-depth study in different CHM-
derived EVs will be helpful to explain the complicated
pharmacology of CHM and develop a new administration mode.

This review has summarized the reported effective CHM for
treating DD and the advantages of EVs in facilitating CHM for
DD treatment. Currently, few studies have been focused on herb-
derived EVs in treating DD, which is exciting but remains to be
explored in this area.
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GLOSSARY

4-HNE 4-hydroxynonenal

5-HIAA 5-hydroxyindoleacetic acid
5-HT 5-hydroxytryptamine

8-OHdG 8-hydroxy-2'-deoxyguanosine

113-HSD2 11p-hydroxysteroid dehydrogenase-2

ACTH adrenocorticotropic hormone
AKT protein kinase B

ASC Anti-TMS1

ATP adenosine triphosphate

Bax Bcl-2-associated X protein

BBB blood brain barrier

Bcl-2 B-cell lymphoma 2

BDNEF brain-derived neurotrophic factor

CAL1 the first region in the hippocampal circuit

CAT Catalase

CD36 cluster of differentiation 36
CD81 cluster of differentiation 81
CHM Chinese herbal medicine

CMS chronic mild stress

CMSC cardiac mesenchymal stem cells
CNS central nervous system

CORT CORT

COVID-19 coronavirus disease 2019
COX Cyclooxygenase

CRC colorectal cancer

CRH corticotropin-releasing hormone
CRP C-reactive protein

CRS chronic restraint stress

CSDS Chronic social defeat stress
CUMS chronic unpredictable mild stress
CUS chronic unpredictable stress

DCX doublecortin

DG dentate gyrus

DXM dextromethorphan

EAP experimental autoimmune prostatitis
EVs extracellular vesicles

FGF2 Fibroblast growth factor
FOXGT1 Forkhead box transcription factor
FoxO1 forkhead box protein O 1

FST forced swimming test

GDNPs ginseng-derived nanoparticles
GFAP glial fibrillary acidic protein

EVs-CHM-DD

GluA1 Glutamate Receptor 1

GPx Glutathione peroxidase

GR glucocorticoid receptor

GSH-pX glutathione peroxidase

HPA hypothalamic pituitary adrenal

Ibal Ionized calcium binding adaptor molecule 1
IBA1 Tonized calcium binding adaptor molecule 1
IDO indoleamine 2,3-dioxygenase

IEN-vy interferon y

IL-18 interleukin-18

IL-1P interleukin-1p

IL-34 interleukin 34

IL-6 interleukin-6

iNOS inducible nitric oxide synthase

IRS-1 insulin receptor substrate 1

IxB-a inhibitor of kB-a

JNK2 c-Jun NH 2 terminal kinase

KIFC2 Kinesin Family Member C2

Kir4.1 inward rectifying potassium channel
L1CAM L1 Cell Adhesion Molecule

LDHA lactate dehydrogenase A

LH learned helplessness

LPS lipopolysaccharide

Maxim. Bolbostemma paniculatum

MCAO middle cerebral artery occlusion

MDA malondialdehyde

MDD major depressive disorder

miRNAS microRNAs

MKK4 mitogen-activated protein kinase kinase 4
NF-kB nuclear factor kappa-light-chain-enhancer of activated B cells

NLRP3 oligomerization domain-like receptor family pyrin domain-
containing 3

nNOS neural nitric oxide synthase

NO nitric oxide

NSCs neural stem cells

NSE Neuron-specific enolase

NT-3 Neurotrophin-3

P-AKT phosphorylation-akt

P-CREB phospho-cAMP response element-binding protein
PDK-1 pyruvate dehydrogenase lipoamide kinase isozyme 1
PI3K phosphoinositide 3-kinase

P-ikB phospho-inhibitor of kappa B

PMYVs platelet-derived microvesicles

P-p65 anti-p-NF-kB p65
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P-P70S6K Phospho-p70 S6 kinase SOD superoxide dismutase

PSD-95 Postsynaptic density protein 95 SRS spatial restraint stress

ROS reactive oxide species TBMI1 tubeimoside-1

RS restraint stress TCASs tricyclic antidepressants

SDS social defeat stress TLR4 Toll Like Receptor 4

SERTS serotonin transporters TNFRI1 tumor necrosis factor receptor 1
SGK1 glucocorticoid-regulated kinase 1 TNF-a TNF-a

Sig-1R sigma-1 receptor TrkB tropomyosin-related kinase B
Sirt 1 sirtuin type 1 TSPO translocator protein
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Aurea M. Almeida’, Eduardo L. T. Moreira®, Bruno D. Paredes?®, Jorge M. David®*,

Bruno S. F. Souza®®, Maria de Fatima D. Costa ™, Arthur M. Butt’, Victor Diogenes A. Silva™®
and Silvia L. Costa™8*
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Federal University of Bahia, Salvador, Brazil, 2Department of Anatomy, Pathology and Veterinary Clinics, Hospital of Veterinary
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Agathisflavone is a flavonoid with anti-neuroinflammatory and myelinogenic properties,
being also capable to induce neurogenesis. This study evaluated the therapeutic effects of
agathisflavone—both as a pharmacological therapy administered in vivo and as an in vitro
pre-treatment aiming to enhance rat mesenchymal stem cells (’MSCs properties—in a rat
model of acute spinal cord injury (SCI). Adult male Wistar rats (n = 6/group) underwent
acute SCI with an F-2 Fogarty catheter and after 4 h were treated daily with agathisflavone
(10 mg/kg ip, for 7 days), or administered with a single i.v. dose of 1 x 10° rMSCs either
unstimulated cells (control) or pretreated with agathisflavone (1 uM, every 2 days, for
21 days in vitro). Control rats (n = 6/group) were treated with a single dose
methylprednisolone (MP, 60 mg/kg ip). BBB scale was used to evaluate the motor
functions of the animals; after 7 days of treatment, the SCI area was analyzed after
H&E staining, and RT-gPCR was performed to analyze the expression of neurotrophins
and arginase. Treatment with agathisflavone alone or with of 21-day
agathisflavone—treated rMSCs was able to protect the injured spinal cord tissue, being
associated with increased expression of NGF, GDNF and arginase, and reduced
macrophage infiltrate. In addition, treatment of animals with agathisflavone alone was
able to protect injured spinal cord tissue and to increase expression of neurotrophins,
modulating the inflammatory response. These results support a pro-regenerative effect of
agathisflavone that holds developmental potential for clinical applications in the future.

Keywords: MSCs, mesenchymal stem cells, agathisflavone, acute spinal cord injury, neurotrophins, regeneration
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INTRODUCTION

Spinal cord injury (SCI) is a devastating neurological condition,
with a global incidence of 10.4-83 cases/million/year (Karsy and
Hawryluk, 2019). Treatment of SCI requires multidisciplinary
action in the acute phase and also for secondary complications
associated with long-term injury (Liu et al, 2017). Currently,
routine therapy employed in the early stages of SCI mainly
involves surgical procedures combined with high doses of
methylprednisolone (MP) for the inhibition of lipid
peroxidation and maintenance of the blood barrier of the
spinal cord, although this treatment is controversial (Cabrera-
Aldana et al,, 2017; Liu et al., 2018). Mesenchymal stem cells/
stromal cells (MSCs) have arisen as a treatment for SCI in animal
models and in patients, either alone or in association with drugs
(Mendonga et al., 2014; Assinck et al., 2017; Larocca et al., 2017;
Allahdadi et al., 2019; Jin et al., 2019). Recent studies have shown
that MSCs release exosomes that attenuate apoptosis and
inflammation; they also suppress glial scarring, attenuate
lesion size and promote axonal regeneration culminating in
better behavioral recovery (Yin et al., 2019; Yuan et al., 2019).
However, direct transplantation of MSCs to target tissues remains
challenging, as low cell survival rates, cell dedifferentiation,
immune rejection and tumor formation can all compromise
the efficacy of this therapy (Caplan et al,, 2019).

Flavonoids stand out as an important class of natural
antioxidants with demonstrated neuroprotective effects in
animal models of SCI, including curcumin (Akar et al., 2017),
huangqin (Zhang et al., 2018) and baicalin (Kang et al., 2018). In
addition, the flavonoid apigenin has been reported to significantly
reduce side effects in an animal model of SCI (Zhang and Liao,
2014). Agathisflavone, a biflavonoid composed of two apigenins,
exhibits anti-inflammatory (dos Santos Souza et al., 2018),
neurogenic and neurodifferentiating activities in vitro, as well
as a neurogenic effect on embryonic stem cells and multipotent
stem cells (Paulsen et al., 2011). We therefore postulated that
agathisflavone may be a useful adjuvant to MSC therapy in SCI.
Our results show that the infusion of rat (r)MSC treated with
agathisflavone increased the production of neurotrophic and
anti-inflammatory factors in a rat model of SCI.

MATERIALS AND METHODS

A summary of the experimental design is presented in Figure 1.

Animals

Thirty-six 30-day-old male Wistar rats were obtained from the
animal facility of the Center for Biotechnology and Cell Therapy,
Sdo Raphael Hospital and kept in the vivarium of the Institute of
Health Sciences of the Federal University of Bahia, Salvador,
Brazil. They were maintained in a controlled environment (12 h
light/dark cycle, 22 + 1°C, with access to food and water ad
libitum). Rats were used experimentally after reaching 3 months
of age and weight ranging from 250 to 280g. All animal
procedures were performed according to the National Institute
of Health (NIH) Guide to the Care and Use of Laboratory

Agathisflavone Improves Repair of Spinal Cord

Animals and approved by the Animal Use Ethics Committee
of the Institute of Health Sciences of the Federal University of
Bahia (process number 117/2017).

Purification and Culture of rMSC

Rat mesenchymal stem cells were isolated using the method
originally described by Friedenstein et al. (1974), which is
based on their ability to adhere to plastic. Briefly, bone
marrow aspirate was made from isolated femur bones of male
adult rats and then processed using the hydrophilic
polysaccharide Ficoll” as the centrifugation gradient. For this,
bone femur epiphysis was minimally cut and then a needle was
attached to a syringe containing DMEM medium and inserted
into the epiphysis to wash the bone cavity. This bone marrow was
then collected, resuspended in DMEM medium in a 2-ml volume
added to a 10 ml tube falcon and centrifuged for 10 min at 1,750
centrifugal g force (Hettiche” Universal 320R Centrifuge). Then,
the pellet was resuspended in a volume of 2ml of DMEM
medium and transferred to a 10-ml tube falcon. 1 ml of the
Ficoll” density gradient was added and then centrifugation was
performed for 15min at 4,820 centrifugal g force (Hettiche
Universal 320R Centrifuge). After that, the ring of cells at the
Ficol /DMEM interface was collected and resuspended in
DMEM medium in volume 1: 5ml cells: medium. Cells were
collected and plated in Dulbecco’s Modified Eagle Medium
(DMEM), enriched with fetal bovine serum (FBS) and
antibiotics (100 TU/MI penicillin G, 100 pgml ™" streptomycin,
Gibco). After 24 h, the culture medium was changed to remove
non-adherent cells. The remaining cells were grown in a humid
incubator (37°C, 5% CO,) and the culture medium was changed
every 2-3 days until cells reached a confluence of about 80%,
which occurred around 10 days in vitro (DIV). Cells were then
trypsinized and expanded by subsequent passages. In this work,
all the tests were run with passage 3 rMSCs and in triplicates
(Figure 1).

Characterization of rMSC

Rat mesenchymal stem cells (rtMSC) were characterized according to
the criteria of the International Society for Cellular Therapy
(Horwitz et al.,, 2005; Caplan 2009), namely expression of specific
markers (CD29, CD73, CD90, CD11b, CD34 and MHC-II),
measured by flow cytometry (Complementary Material I), and
their ~adipogenic and osteogenic potential in culture
(Complementary Material II). In brief, 1 x 10° rMSC were
cultured for 10 DIV in 10-mm diameter plates (TPP®) in
DMEM with 10% FBS, antibiotics (100IU/MI penicillin G,
100 pg/@ml’1 streptomycin, Gibco), 10M  dexamethasone
(Sigma ). For adipogenic differentiation, the medium was
supplemented with insulin (2.5 pg/ml), indomethacin (100 M)
and 3-isobutyl methylxanthine (0.5mM); as for osteogenic
differentiation, the medium was supplemented with ascorbic acid
(50 pg/ml) and B-glycerolphosphate (3.15 mg/ml). After 11 days,
cells were fixed with 4% paraformaldehyde for 30 min and
stained for 5min at room temperature with Oil Red O for
adipocytes, or alizarin red for osteoblasts (Muniswami et al,
2018). The cultures were then washed with PBS and examined
under bright field microscopy (Figure 1).
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FIGURE 1 | Experimental design showing model adopted to investigate effects of rat bone marrow mesenchymal stem cells (rMSCs) and agathisflavone (FAB)

Flavonoid Treatment of rMSC
Agathisflavone was extracted from the aqueous extract of the

leaves of P. pyramidalis Tull as previously described (Mendes
et al., 2000; Bahia et al., 2005; Bahia et al., 2010). Agathisflavone
was dissolved in dimethyl sulfoxide (DMSO; Sigma®) to yield a
100-mM stock solution that was stored and protected from light
at —4°C. As described above, rMSC were cultured to passage (P)3
and plated at a density of 2 x 10° cells/cm” and cultured for 24 h,
prior to treatment with agathisflavone diluted directly into the
culture medium to achieve the final concentration (see below).
Multiple analyses were performed after 1-21 days in culture (see
below).

Analysis of rMSC Viability

Viability of rMSC was assessed using the MTT assay (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bromide test;
Sigma®, St. Louis, MO), which is based on the conversion of
the yellow MTT by the dehydrogenases of living cells to purple-
colored formazan (Hansen et al, 1989). The experiment was
performed in 96-well plates (Kasvi , Brazil) of cultured rMSC.
Cells were incubated in 0.01% DMSO (control) or with
agathisflavone (0.1, 1.0 or 5puM). 24 h or 72 h after treatment,
cells were incubated with MTT (1 mg/ml) for 2 h. Subsequently,
cells were lysed with 20% (vw™') with sodium dodecyl sulfate
(SDS) and 50% (vv™') dimethylformamide (DMF) (pH 4.7). The
plates were incubated overnight at 37°C to dissolve the formazan
crystals and the optical density of each sample was measured at
590 nm using a spectrophotometer (Thermo Plate-Reader ). At
least three independent experiments were performed with eight
replicate wells for each analysis. MTT results are expressed as
percentages of cells converting MTT compared to control
cultures (considered as 100%).

Characterization of rMSC Morphology

Based on the results of the MTT test, morphological analysis was
performed in cultures treated with agathisflavone at 0.1 and 1 uM
for 72 h, compared to DMSO controls. 72h after treatment,
cultures were washed three times with phosphate buffered
saline (PBS), fixed and permeabilized with cold methanol at
—-20°C for 20min and analyzed by Rosenfeld staining, by
adding ed to the plates previously fixed with cold methanol at
-20°C in enough volume to completely cover the cells. After
3 min, 20 drops of distilled water were added to the dye solution
and the stain was allowed to act for a further 20 min at room
temperature. The plates were then washed with distilled water,
dried and analyzed by means of light microscopy.

Characterization of Neural and Glial
Markers in rMSC

In order to investigate whether the flavonoid agathisflavone
induces phenotypic changes in rMSC associated with neural
and glial differentiation, immunocytochemistry was performed
72h after treatment with 1 uM agathisflavone, compared to
DMSO-treated controls. Immunocytochemistry was performed
as described by dos Santos Souza et al., 2018. Briefly, cells were
fixed with 4% paraformaldehyde (PFA) and 4% sucrose for
20min and permeabilized with 02% 4- (1,1,3,3-
tetramethylbutyl) phenyl polyethylene glycol (Triton X-100,
Merck’) for 5min  at room temperature.  After
permeabilization, cells were blocked with 5% bovine serum
albumin (BSA; Invitrogen®) in PBS (blocking solution) for 1h
and incubated overnight at room temperature with primary
antibodies diluted in blocking solution: mouse anti-B-III-
tubulin antibody, 1:1,000 (Promega®, Madison, WI); anti-
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TABLE 1 | Characterization of mesenchymal stem cells by flow cytometry.

% Positive cells % Negative cells

CD11b+ 0.8 99.2
CD34 3.33 96.67
MHC Il 3.48 96.52
CD29 99.7 0.3
CD73 67.6 32.4
CD90 68.9 311

rabbit glial fibrillary ac1d1c protein (GFAP) antibody, 1:200 (Dako
Corporation, Glostrup , Denmark). After incubation with
primary antibodies, cells were washed extensively with PBS
and incubated with secondary antibodies for 1h at room
temperature. Secondary antibodies were purchased from
Molecular Probes” (Eugene, OR): Alexa fluor 488 conjugated
goat anti-mouse IgG (1: 400), Alexa fluor 546 conjugated goat
anti-rabbit IgG (1: 1,000). Negative controls were performed by
omitting the primary antibody during immunostaining and, in all
cases, no reactivity was observed when the primary antibody was
absent. Cell preparations were mounted directly on 34,5
trihydroxy benzoate (N -propyl gallate, Sigma- Aldrich”) and
visualized using a Leica” EBQ 100 fluorescence light microscope.

SCI Experimental Design

Male Wistar rats were divided into six groups (#n = 6 animals/
group): sham; spinal cord injury (SCI); treated with a single
application (via caudal vein) of 1 x 10° 21 DIV control rMSCs;
treated with a single application (via caudal vein) of 1 x 10° 21
DIV agathisflavone-treated rMSC; treated with one single dose of
methylprednisolone (MP, 60 mg/kg i. p.); or treated daily with
agathisflavone (10 mg/kg i.p.) once a day, at the same time for
7 days. Caudal vein administration was performed based on
studies with other flavonoids in an SCI model (Zhang et al,
2014; Akar et al., 2017).

On the day of surgery, the animals were individually weighed
to obtain the volume of the anesthet1c mixture. The combination
used was ketamine chlor1date (ketalar”) 75 mg/kg IP and xylazine
chloridate (rompum ) 10 mg/kg IP. Spinal cord injury was
induced as previously described (Vanicky et al, 2001). We
performed trichotomy and asepsis of the skin in the thoracic
region with Betadine . Then, a midline incision of 20 mm was
made in the thoracic region, and the spine was exposed.
Laminectomy was performed at vertebral level T-10, exposing
the dorsal cord. A Fogarty F- 2° catheter was inserted into the
dorsal epidural space through a small hole in the T10 spinal arch,
cranially advanced at the level of the T8-9 spine and inflated for
5min with the aid of a Hamilton” syringe and 15 pul of saline
solution (Figure 1). After surgery, animals were submitted post-
operative care: they were kept in individualized cages heated to a
constant temperature of 27°C to avoid hypothermia, received
saline solution subcutaneously (3 ml) and were monitored at least
4 times a day to assess the presence of pain in the post-procedure
and for the emptying of the urinary bladder. Until normalization
of excretory functions, bladder massage was performed 4 times a
day to assist urinary bladder emptying. All animals received

Agathisflavone Improves Repair of Spinal Cord

topical application of rifocina’ to combat topical infections
(Rifamycin sodium salt, 10 mg/ml, spray). During the
experimental period, the animals were monitored for feeding,
water intake and excretory function (urine and feces). They all
received water and food ad libitum.

Motor and Weight Variation Analysis of

Animals Submitted to Acute Spinal Cord
Injury

Animals were examined and weighed do determine their general
health on days 0, 1 and 7, where day 0 refers to the day of surgery.
Motor assessment was performed using the Basso, Beattie,
Bresnahan scale (BBB) (Basso et al, 1995), by observing the
movements of the hip, knee, ankle joint, trunk position, tail and
hind legs. From these observations, points were assigned from
zero to 21, with zero corresponding to the total absence of
movements and 21 to the presence of normal movements
(Barros Filho and Molina, 2008). The animals were placed in
an open field, observed and filmed for 10 min. Motor assessment
was performed on days 0, 1 and 7 post-surgery.

Histopathological Analysis of the Spinal

Cord by Hematoxylin and Eosin

For morphological analysis, rats were intracardially perfused with
saline solution and fixed with 4% PFA for 10 min under terminal
anesthesia. A ketamine/xylazine mixture (up to 75 mg/kg body
weight ketamine and 10 mg/kg xylazine body weight) was
administered by intraperitoneal injection (27-gauge needle and
a cc syringe). Additional anesthetic administration was
performed as needed during each operation to maintain an
anesthesia surgical plan. Once the animal reached a surgical
plan for anesthesia, surgery and perfusion were performed.
Spinal cords were removed and fixed in 10% formalin buffer
for approximately 7 days at RT. After fixation, the spinal cord
tissue was dehydrated and included in paraffin. It was then halved
in the posterior median sulcus and embedded in paraffin. Serial
longitudinal 4-pm sections were cut on a microtome at the level of
the SCI, between 5 mm before the T7 vertebra and 5 mm after the
T8 vertebra. Serial sections were dewaxed in ascending xylene
stained using hematoxylin and eosin (H&E) and mounted on
slides. The slides were evaluated under light microscope by a
pathologist blinded to the groups. The histopathological
evaluation was evaluated by the semiquantitative classification
system, as described by Ustun et al. (2014) Table 4.
Quantification of macrophages was made in ten randomly
assigned  photomicrographs (50-pum range) for each
experimental group.

Molecular Analyses of Neuroinflammatory
Profile in the Site of the SCI

Three spinal cord samples were randomly assigned to each group
of animals for ribonucleic acid (RNA) extraction using Trizol
reagent (Invitrogen, Life Technologies™) according to the
manufacturer’s specifications. cDNA synthesis was performed
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FIGURE 2| (A) Morphological aspect of 30 days in vitro (DIV) of rMSCs of cultures in control conditions (0.01% DMSO) and 72 h after treatment with FAB (0.1, 0.5
and 1 pM); Rosenfeld staining; obj. x40, scale bar 50 pm. After treatment with 0.1 and 0.5 uM FAB, the cells presented a flat polygonal morphology similar to that of the
control (DMSO). However, after treatment with 1 M FAB, the cells presented Y-shaped extensions. (B) Analysis of viable rMSCs of cultures in control conditions (0.01%
DMSO) and 24 and 72 h after treatment with FAB (0.1, 1, 5 and 10 pM), showing no toxicity in 24 h and toxicity only for FAB 10 pM 72 h after treatment; MTT test;
Each graph is representative of three independent experiments and the data are expressed as means = standard deviation. An ANOVA one-way test followed by

™

using SuperScript® VILO Master Mix (Invitrogen, Life
Technologies ™) following the manufacturer’s instructions.
Quantitative real-time polymerase® chain reaction (RT-qPCR)
was performed using Tagman gene expression assays
(Applied Biosystems, CA, United States) containing two
primers to amplify the sequence of interest and the Taqman®
MGB-specific probe labeled FAM fluorophore with TaqMan®
Universal Master Mix II (Invitrogen, Life Technologies ™). Assay
identifications for the genes quantified in this study were:
Arginase 1 (RN00681090_m1l), nerve growth factor/NGF
(RN01533872_m1) and glia-derived neurotrophic factor/
GDNF (RN00569519_m1), both distributed by Thermo Fisher
(TaqMan® Gene Expression assay). RT-qPCR was performed
using the QuantStudio ™ 7 Flex Real-Time PCR System
instrument (Applied Biosystems, CA, United States).
Thermocycling conditions were performed according to the
manufacturer’s specifications. B-actin (Mm00607939_S1) and
HPRT1 (Mm01545399_ml) were used as reference genes
(endogenous controls) for normalization of gene expression
data. The analysis of real-time polymerase chain reaction data
was based on Schmittgen and Livak (2008), using the 2-AACt
method. All tests were performed in triplicate.

Statistical Analysis

Statistical analyses were performed with the GraphPad Prism
software version 5.00 for Windows. Data were shown as means
with standard deviation or means with range according to their
distribution, analyzed with the Shapiro-Wilk normality test and
Skewness (normal: < 1 or > —1) and Kurtosis (normal: < 2 or >
-2) calculation. In addition, according to the distribution,

parametric or nonparametric statistic tests were chosen. The
most appropriate test for each experiment was used, and this
information is given in the respective result. All analyses were
carried out with triplicates.

RESULTS

Characterization of Rat Mesenchymal Stem
Cells (rMSC)

First, we characterized rMSCs isolated from adult rat femur bone
marrow on the third passage (P3), by their differentiation and
surface expression of key markers measured by flow cytometry
(Supplementary Figures S1, S2). rMSCs adhered to plastic and
presented a fibroblast-like morphology 7-10 days after being
seeded onto culture flasks (Supplementary Figure S1A).
rMSC submitted to adipogenic differentiation displayed lipid
droplet formation after 9 days, and this was remained up to
15 days, as determined by Oil red O staining (Supplementary
Figure 1SB). rMSC submitted to osteogenic differentiation
displayed calcium deposition during the first 10 days after
induction and remained for 21 days, characterizing matrix

mineralization as determined by alizarine red staining
(Supplementary Figure S1C). As controls for both
differentiation protocols, cultures were cultivated with

expansion medium during the entire protocol and, as
expected, showed no formation of lipid vacuoles or calcium
deposits; the doubling time of these cells was approximately
60h and linear between P3 and P5. In addition, flow
cytometry demonstrated that 68.5, 67.6 and 99.7% of the
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FIGURE 3| Analysis of the expression of neural markers GFAP (red) and B-tubulin Il (B-tub, green) in rat bone marrow-derived mesenchymal stem cells (tMSCs). (A)
Photomicrographies of cultures in control conditions (0.01% DMSO) and 72 h after treatment with agathisflavone (0.1, 1 M FAB); immunocytochemistry; scale bar
100 pm. Note that there is an discret increase compare to control in the proportion of GFAP + cells distributed in the cell body of flat polygonal cells in cultures exposed to
0.1 uM FAB, with some polygonal cells co-expressing p-tub, typical of neural progenitor cells. Such effect was not observed at the extension in cultures exposed to

1 uM FAB. (B) Quantification of the proportion of GFAP + cells and B-tub + cells related to the total of cell nuclei counted by DAPI-stained nucleus (blue); the results are
expressed as the percentage of means + SD related to control, considered as 100%, in three independent experiments and were analyzed by Kruskal-Wallis ANOVA,
followed by Turkey’s test for multiple comparisons (*) representing p < 0.05 compared to control; (C) Morphological analysis of rMSCs maintained 21 days in control
conditions (0.01% DMSO) or treated with a single dose of 1 uM FAB; obj. x20, scale bar 100 pm. In the inserts of image at obyj. 40x, one can see some cells with neuronal
morphology, presenting cellular process similar to neurites and interacting with other cells. (D) Photomicrographies of cultures in control conditions (0.01% DMSO) and
72 h after treatment with agathisflavone (1 uM FAB); immunocytochemistry, obj. x20, scale bar 100 um. Note that there is an increase in the proportion of cells co-
expressing GFAP and B-tub compared to control cultures, which is confirmed in (E) by quantifying the proportion of GFAP+/p-tub + cells, related to the total of cell nuclei;
the results are expressed as the means of percentage in three independent experiments and analyzed by Kruskal-Wallis ANOVA followed by Turkey’s test for multiple
comparisons (*) representing p < 0.05 compared to control.

rMSC cell population were respectively positive for CD90 (VLA-f
integrin), CD73 and CD29, and the vast majority (>95%) were
negative for typical hematopoietic and endothelial cell markers
CD11b (immune cell marker-integrin Mac-1) and CD34, with
negligible expression of MHC-II, respectively (Supplementary
Figure S2 and Table 1). Together, these findings demonstrate our
protocols provided cultures of characteristic MSC in
corroboration with other studies (Caplan, 2009; Dariolli et al.,
2013).

Effects of Agathisflavone on Morphology
and Viability of rMSC

The next step was to evaluate the potential toxicity of
agathisflavone on P3 rMSC. Culture of rMSC with 0.1-5uM
agathisflavone had no effect on cell viability after 24h. A
reduction on cell viability was observed only in 72h for a
treatment with agathisflavone 10 uM, as determined by the
MTT assay, compared to control cultures treated with 0.01%
DMSO vehicle (Figure 2B). The effects of agathisflavone on
rMSC morphology was evaluated by Rosenfeld’s staining
(Figure 2A). In control cultures treated with 0.01% DMSO
vehicle, rMSC was presented as large cells with a flat
polygonal morphology, with very short processes or without

processes, and a clearly visible nucleus, typical of mature cells
with the classification of “smaller stem potential” (Sekiya et al.,
2002; Neuhuber et al., 2008). Cells treated with 0.1 or 0.5 uM
agathisflavone for 72 h presented the same pavement morphology
as control cultures, whereas following treatment with 1puM
agathisflavone a subpopulation of rMSC displayed a very clear
cell body, refringent nucleus and long and thin Y-shaped
extensions. It was also observed that some cells presented an
astrocyte-like polyhedral morphology, with processes extending
from their cell body. The cells retain their characteristic
morphology, but at 1uM agathisflavone evidently altered
rMSC morphology, which may be indicative of inducing
cellular pluripotency.

The MTT results demonstrate that agathisflavone is non-toxic
for rMSC at any of the concentration used (0.1, 1 or 0.5uM
agathisflavone) after 24 h.

Effects of Agathisflavone on rMSC
Differentiation

In order to determine whether the morphogenic effects of
agathisflavone on rMSCs were associated with induction of
differentiation, we performed immunocytochemistry for the
astrocyte marker GFAP and the neuronal marker B-TublIIl,
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FIGURE 4 | Behavioral outcomes in animals subjected to spinal cord injury (SCI). (A) Motor function assessment based on the Basso, Beattie, Bresnahan scale
(BBB) on day zero (before SCI), day 1, day 3 and day 7 after SCI. Adult male Wistar rats (n = 6/group) underwent acute SCI and after 4 h were treated with a single
application of 1 x 10° control rIMSCs or 1 x 10° rMSCs pretreated with agathisflavone (+FABrMSCs), treated with one single dose of methylprednisolone (60 mg/kg
i.p., MP), or treated daily with agathisflavone (10 mg/kg i. p., FAB) (#) p < 0.05 vs. SCl rats. Data are the means + SD (B) Weight variations of animals with SCI and
different treatments.

TABLE 2 | Comparison between BBB scores. Data are expressed as means + SD.

Day Sham SCI rMSCs rMSCs +FABrMSCs MP
1 20 2.7 2.8 4 4.8 4.6
3 20 2.9 3 4.5 5.0 4.8
7 21 3.4 3.3 4.8 5.3 5
Mean + SD 20,33 + 05,773 3+£138 3+£13 443+1.0 503+1.0 48 +0.8

SD, standard deviation.
Probability obtained from Student’s t-test.
Mean of the samples (« = 0.05).

72 h after treatment with 0.1 or 1 uM agathisflavone or 0.01%
DMSO vehicle in controls (Figure 3). In control cultures, the
majority of rMSC were GFAP immunopositive, but labeling
was restricted to the perinuclear region, whereas very few cells
showed low B-TubllIl expression (Figure 3A). In contrast,
there was an evident increase in the intensity of GFAP and
B-TubIll immunolabeling in rMSC cultures treated with
0.1uM, but not observed with 1uM agathisflavone
treatment. The same analysis was performed in cultures
21 days after treatment with agathisflavone and it was
determined that the majority of rMSC treated with 1 uM
agathisflavone were immunopositive for GFAP and B-TubllII
(Figures 3C-E). The results indicate that agathisflavone
promotes neural differentiation of rMSC.

Effects of Agathisflavone and rMSCs

Treatment on Spinal Cord Injury (SCI)
Functional Motor Recovery

Following the evaluation of the effects of agathisflavone on
cultured rMSC, we examined the effects of its administration
on the outcome of SCI, besides treatment of animals with the
flavonoid. There were six experimental groups (n = 6 rats/
group): 1) sham; 2) spinal cord injury (SCI); 3) SCI treated
daily with agathisflavone (10 mg/kg i.p.); 4) SCI treated with
control rMSCs; 5) SCI treated with agathisflavone treated

rMSC (FABrMSCs); 6) SCI treated with methylprednisolone
(MP, 60 mg/kg i.p.). Locomotor skills were assessed by the
open-field test prior to SCI (day 0) and one, three and 7 days
after SCI using the BBB score (Figure 4A; Table 2). Rats
submitted only to laminectomy (Sham) recovered a score of 21
within 7 days after injury, which reflects no neurological
impairments. Following SCI, rats achieved a mean BBB
score of 3.0 + 0.29 without treatment and that was not
sigificantly altered by a single treatment with rMSC, which
attained a mean BBB score of 3.0 + 0.20 7 days after injury
(DPI); both these experimental groups remained generally
more apathetic than did sham controls. In contrast, the
BBB score was significantly improved in the SCI +
FABrMSC treatment group, attaining 5.36 + 0.49at 7 DPL;
in addition, some of the animals had a trend towards improved
motor function, compared to the other groups, with slight hind
limb reflexes and rapid movement over the open field, as well
as presenting grooming behavior. The motor behavior was
very heterogeneous in the group of animals with SCI and
treated with one single dose of methylprednisolone (60 mg/kg
i.p.,MP). One animal presented being apathetic in the first
3 days after injury, the other animals, although injured, moved
when stimulated in the open field reaching a BBB score of 4.8 £
0.16. The animals with SCI and treated daily with
agathisflavone (10 mg/kg i.p., FAB) presented similar
behavior to the animals treated with MP, with the mean
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TABLE 3 | Comparison of weight variation between SCI groups. Average daily
weight loss/gain over 7 days.

Day Sham SCl rMSCs FAB +FABrMSCs MP

1 539 -8.51¢g -58g -55¢g -469g -43g
3 129g -256g9 -13.1g -13.7¢g -13.3¢ -12.8¢g
7 298g 59.71g -3069g -30.lg -29.8¢g -30.2¢g
Mean 4257g -853g -4371g -43g -4.257 g -4.314 ¢

Agathisflavone Improves Repair of Spinal Cord

Histological Changes

All animals were sacrificed 8 days after treatments for H&E
histological analysis of the spinal cord (Figure 5A). The
degree of lesion was determined according to the semi
quantitative classification system, described by Ustun et al.
(2014) (Table 4). Control (sham) animals did not present any
tissue disruption of the spinal cord; both white matter and gray

BBB score of 4.4 + 0.32; they moved only when stimulated and
an animal was shown to lean on its right side.

Body Weight Change

After SCI, the animals were placed in cages with water and food ad
libitum, and their weight gain or loss was monitored as a measure of
general health, on the days on which the animals underwent motor
evaluation (Figure 4B; Table 3). Control (Sham) animals gained
approximately 30 g over the 7 days, with an average daily gain of
4.3 g. Animals with SCI presented an average daily loss of 8.53 g
(Table 3). The groups of animals treated with rMSCs pretreated with
agathisflavone (+FABrMSCs), or with MP or with FAB, presented
an average daily loss of approximately 4.3 g. There are no statistical
differences between these groups.

matter were intact, with no necrosis, inflammatory infiltrate or
hemorrhage, classified with grade 0 of injury when comparing
Ustun’s H&E histological analysis classification in Tables 4, 5.
Animals with SCI presented an extensive area of liquefactive
necrosis with the presence of severe hemorrhage, and numerous
spongy macrophages at the lesion site, which was classified as
Grade 3 of injury. Similar lesions were observed in the spinal cord
of animals that received an implant of control rMSC, which had a
mean score of 2.66 + 0.47 (Table 5). In contrast, the group of
animals treated daily with FAB presented injuries classified in
Grade 2 and 3 depending on the tissue of animal analyzed.
Animals treated with MP presented diffuse and mild
vacuolization due to white matter demyelination in the spinal
cord and the lesions were also classified as of Grade 2. However,
animals that received a single application of +FABrMSCs
presented spinal cords with walerian degeneration and isolated
vacuolization by white matter demyelination vacuolations, and
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FIGURE 5 | General histopathology of the spinal cord of animals 8 days after being subjected to spinal cord injury (SCI) and different treatments. (A) Representative
longitudinal section of a normal spinal cord (sham animals), and from animals treated with a single application of 1 x 10° control rIMSCs or 1 x 10° rMSCs pretreated with
agathisflavone (+FABrMSCs), treated with one single dose of methylprednisolone (60 mg/kg i.p., MP), or treated daily with agathisflavone (10 mg/kg i.p., FAB);
hematoxylin and eosin (H&E), x40; details x100. Abundant foamy macrophages and extensive area of liquefactive necrosis with strong macrophage reaction are
observed in the spinal cord of animals with SCI (spotlight), also observed in the spinal cord of animals that received implant of control rMSC (spotlight), and in less
expansion of animals treated daily with FAB. However, in the spinal cord of animals that received implant of +FABrMSCs, isolated vacuolization by demyelization and
walerian degeneration (arrow) are observed. In the spinal cord of animals treated with MP, diffuse and mild vacuolization by demyelination of white matter is observed. (B)
Quantification of foamy macrophages in injured spinal cord tissue. The results are expressed as the media of percentage in three independent experiments and were
analyzed by Kruskal-Wallis ANOVA followed by Dunn’s post-test () p < 0.05 compared to SCI group. (C-E): Expression of neurotrophic factors and arginase in the
spinal cord of animals 8 days after being subjected to spinal cord injury (SCI) and different treatments. Expression of mRNA for neurotrophic factors NGF and GFDN, and
for enzyme arginase, was analyzed with RT-gPCR; Sham = Non-lesioned; SCI and other groups = Lesioned; values expressed as mean + standard deviation; significant
differences are expressed as “p < 0.05 when compared to the control NL; #p < 0.05 when compared to FAB 0.1 pM NL treatment; and p < 0.05 when compared to the
control L; and & < 0.05 when compared to FAB 0.1 pM treatment. Kruskal-Wallis and one-way ANOVA followed by Dunn’s post-hoc were used.
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TABLE 4 | A semi-quantitative grading system according to Ustun et al. (2014). Spinal cord segment was examined for hemorrhage, spongiosis and liquefactive necrosis

semi-quantatively for histopathological changes.

Grade
No abnormal cells and change 0
Mild hemorrhage, spongiosis 1
Moderate hemorrhage and spongiosis with liquefactive necrosis 2
Some hemorrhage and spongiosis with glial cell proliferation and liquefactive necrosis 3
According Ustun et al. (2014).
TABLE 5 | Histopathological evaluation by semi-quantitative Ustun classification system.
Rat Sham SCI FAB rMSCs +FABrMSCs MP
1 0 3 3 3 2 2
2 0 3 2 2 1 2
3 u 3 | 3 | |
Mean + SD — 3+0.0 2.33 + 0.47 2.66 + 0.47 1.66 + 0.47 20+ 00
P — 0.198 0.0153 0.0377

SD: standard deviation.
Mean of the samples. * significance level a = 0.05.

lesions classified in the majority as of Grade 2, demonstrating that
agathisflavone-treated rMSC had potential to repair spinal cord
injury. Moreover, quantification of foamy macrophages showed a
significant reduction in the proportion of macrophages in the
lesioned area in animals treated with rMSCs, and mainly in animals
treated with +FABrMSCs and the anti-inflammatory MP.

Gene Expression Changes

In order to better characterize the inflammatory profile in the site
of lesion, RT-qPCR was performed with samples of the site of SCI
to analyze expression of neurotrophins and arginase, an enzyme
directly related to the M2 anti-inflammatory profile of
macrophages (Figures 5B-E). A significant increase in nerve
growth factor (NGF) mRNA expression was observed in the
spinal cord tissue of animals with SCI treated with +FABrMSCs
(about 10 times) or FAB (about 2 times) compared with animals
with the lesion. Moreover, a significant increase in mRNA
expression for glial-derived growth factor (GDNF) was also
observed in the spinal cord tissue of animals with SCI treated
with rMSCs (about 2 times), +FABrMSCs (about 10 times) or
FAB (about 3 times) compared with animals with the lesion.
Aghathisflavone (FAB) treatment also induced a significant
increase (about 8 times) in mRNA expression for the enzyme
arginase, a tendency also observed in the spinal cord tissue of
animals with SCI treated with rMSCs (about 3.7 times),
+FABrMSCs (about 4.2 times). Treatment of animals with MP
induced a decrease in NGF and an increase in GDNF compared
with the tissue of control animals without lesion (Sham).

DISCUSSION

Research with MSCs has shown that these cells can
differentiate in specific conditions into neural lineages and
could be used in clinical situations such as SCI (Foudah et al.,

2014; Assinck et al., 2017; Jin et al., 2019). In addition, the
phytoestrogen agathisflavone has prominent neuroprotective
effects and is capable of inducing neurogenesis in embryonic
and pluripotent stem cells (Paulsen et al., 2011; Andrade et al.,
2018). Studies in the literature show the neuroprotective
activity of flavonoids, including the ability of these
compounds to cross the blood-brain barrier. Rutin and
quercetin (Ferri et al., 2015), hesperetin and naringenin
(Youdim et al., 2003), and polyphenols in general (Figueira
et al., 2017), which suggests the ability of agathisflavone to
also act directly enter the cerebrospinal fluid for direct efficacy
alone or combinated with other molecules. Here, we show that
the treatment of rMSCs cells with agathisflavone promotes a

neural phenotype differentiation in vitro in a small
population, reinforcing the heterogeneity of MSC
subpopulations.

According to Neuhuber et al. (2008), rMSCs naturally present
heterogeneous morphology. However, this heterogeneity is
related to the “stemness” of these cells. According to these
authors, rMSCs cells that have a fusiform or fibroblastic
morphology have multipotent characteristics and, therefore,
this morphology is characterized as immature (Sekiya et al.,
2002). Large cells with a flat polygonal morphology and a
clearly visible nucleus without processes, or with very short
processes, were classified as “smaller stem potential” or mature
cells (Colter et al., 2001; Prockop et al., 2001; Sekiya et al., 2002;
Neuhuber et al., 2008).

Depending on the agathisflavone concentration and DIV,
rMSCs retained the two characteristic morphological profiles
typical of immature multipotency. Treating with the flavonoid
at the concentration of 1 uM, the proportion of cells with long
and thin process was increased, and that may be indicative of
flavonoid modulation in these cells to a more mature neuronal
profile, as we described previously in embryonic stem cell
cultures (Paulsen et al., 2011).
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Spinal cord injury is characterized by primary events and
secondary events. Primary events refer to loss of spinal cord
integrity due to mechanical factors. Late secondary damage refers
to a complex set of pathophysiological processes including
ischemia, edema, inflammation, excitotoxicity, oxidative cell
damage and digestive system complications with changes in
nutrient absorption and intestinal motility (Zhang and Liao,
2014; Hakim et al,, 2019). Consequently, there is glial scar
formation and neurological dysfunction (Byrnes et al, 2007;
Bradbury and Burnside, 2019).

Secondary injury begins within minutes of the initial primary
injury and continues for weeks or months causing progressive
damage to the spinal cord around the injury site. The secondary
lesion may be temporarily divided into acute, subacute and
chronic phases. The acute phase begins immediately after SC
and includes vascular damage, ionic imbalance, neurotransmitter
accumulation  (excitotoxicity), free radical formation,
inflammation, edema and necrotic cell death (Oyinbo, 2011;
von Leden et al, 2016; Alizadeh et al, 2019). Demyelination
of white matter, liquefactory necrosis and the presence of spongy
macrophages also reflect secondary SCI (Oyinbo, 2011).

Corticosteroids, especially methylprednisolone (MP), have
the potential to stabilize cell membrane structure by
maintaining an intact blood-brain barrier, reducing
vasogenic edema, decreasing medullary blood flow, altering
electrolyte concentrations at the site of injury, inhibiting
endorphin release, decreasing free radical damage and
limiting post-traumatic inflammatory response (Wang et al,,
2019). However, their use has little success on motor and
functional recovery and numerous efforts have been made by
the scientific community regarding cell therapy for motor and
functional recovery and the use of new drugs to reduce
inflammation and tissue destruction in the spinal cord
injury environment as an alternative to MP. Hence, as an
alternative, the implant of MSCs has been largely used, both in
situ and administered via the tail vein in view to evaluate tissue
recovery and inflammatory response at the injury site (Leypold
et al,, 2007; Hakim et al., 2019). Moreover, there are growing
evidences that the product of secretion of MSCs is the major
responsible for restoring tissue in models of SCI. In this
context, in the present study, we adopted two strategies in
male Wistar rats subject to acute SCI: a single application (via
caudal vein) of control rMSCs and with a differentiated profile
induced by the agathisflavone treatment in vitro before
implant. Treatment of animals with 21-day agathisflavone-
treated rMSCs was able to protect the injured spinal cord tissue
and improve motor functions (with the highest BBB score),
effects that are associated with the increase in expression of
NGF, GDNF and arginase, and reduction on the macrophage
infiltrate. Treatment of animals with agathisflavone alone
(10 mg/kg) was also able to protect injured spinal cord
tissue, increase the expression of neurotrophins and
modulate the inflammatory response.

Zhang et al. (2014) demonstrated that the agathisflavone
monomer apigenin (10 mg/kg) in a SCI model improved
neurological recovery after injury, obtaining results like
treatment with MP, neuroprotective effect that was at least

Agathisflavone Improves Repair of Spinal Cord

partially associated with its antioxidant and anti-inflammatory
effects. In the present study, treatment with MP presented
results like those described by Zhang et al. (2014) and by
Leypold et al. (2007), who demonstrate that MP, when
administered in the initial period of spinal cord injury, may
decrease the extent of spinal cord hemorrhage, reducing
secondary damage caused by injury protecting motor
functions. In a study developed by Shi et al. (2016), the
flavonoid narigenin, repeatedly administered at higher
concentrations (100 mg/kg), protected animals from SCI
damages. That happened possibly due to the inhibition of
inflammation via miR 233, a known microRna associated with
inflammatory response that is a product of secretion that could
be investigated, besides othe miRNAs, in rMSCs treated with
agathisflavone and in the area of the damage. The ensemble of
the results showed that rMSC had the potential to repair the
injured cord. It is possible, however, that due to the fact that
the observation window of the study is short, only 7 days, it
was not possible to verify this tissue recovery and motor
improvement in animals treated with rMSCs.

Nevertheless, the group of animas that receive
agathisflavone pre-treated rMSCs presented lower tissue
injury and motor improvement, when compared to the
other groups, effects also associated with the increase in
expression of NGF and GDNF, besides the attenuation of
the inflammatory infiltrate. This increase in neurotrophins
expression is very interesting, since NGF has demonstrated
neuroprotective role in the recovery of SCIs, and is related to
the inhibition of stress-induced cell death of reactive oxygen
species by activating signals in the regulation of inflammatory
process (Zhang and Liao, 2014); also, Keefe et al. (2017)
showed that NGF expression in the spinal cord induced the
growth of nociceptive axons and hyperalgesia in animals with
SCI. On the other hand, GDNF is also known to be an
important neurotrophic factor for CNS development
because it promotes neuronal survival and axonal
regeneration, reduces secondary damage, decreases lesion
size and improves functional recovery (Ortmann and
Hellenbrand, 2018); GDNF, when expressed in traumatic
injuries, favors nerve fiber growth and improves motor
effects of injured animals (Poyhonen et al., 2019). Together,
these findings corroborate the results of the present study,
which showed improvement in motor function and
preservation of the spinal cord tissue associated with GDNF
and NGF.

Finally, another important finding in the present study was
the increase in the expression of the enzyme arginase in the
injured tissue of animals that received treatment with the
flavonoid agathisflavona alone or flavonoid treated-MSCs;
also, the last case was associated with a drastic reduction on
the macrophage infiltrate in the injured tissue, compared with
animals without treatments. Arginase expression is related to
the activation of M2 antiiflamatory profile of macrophages.
Macrophages could promote repair of injured tissue by
regulating transitions through different phases of the
healing response and facilitating transitions through
inflammatory, proliferative and repair remodeling phases
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(Ahn et al,, 2012; Gensel and Zhang, 2015). In this sense,
treatment with agathisflavone-treated rMSCs presented
advantages when compared to the other groups, because it
protects the injured spinal cord tissue, evidenced by the
histopathological findings, as well as by the modulation
expression of neurotrophins and neuroinflammation, which
appears to be related to the modulation of releasing factors in
the flavonoid-treated mesenchymal stem.

CONCLUSION

All these findings together demonstrated that the flavonoid
agathisflavone was not toxic to rMSCs, and induced these cells
to a neural differentiated profile, with increased expression of
neural markers GFAP and B-tubulin III. Moreover, in the SCI
model, agathisflavone alone at the doses tested was unable to
protect completely the injured spinal cord tissue, but increased
the expression of neurotrophins that are related to nerve
growth and increased arginase expression suggesting
activation of the anti-inflammatory M2 macrophage profile.
In addition, the administration of agathisflavone-treated
rMSCs showed anti-inflammatory properties, protecting
injured spinal cord tissue, also increasing NGF and GDNF
expression, reflecting improved motor function, ensemble of
results that may be considered in further studies for clinical
application.
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GLOSSARY

BBB Basso, Beattie, Bresnahan scale

BSA bovine serum albumin

CD11b integrin alpha M

CD29 integrin beta 1

CD34 transmembrane phosphoglycoprotein protein cluster
CD73 ecto-5'-nucleotidase

CD90 VLA-B integrin

cDNA complementary Deoxyribonucleic acid
DMEM Dulbecco’s Modified Eagle Medium
DMSO dimethyl sulfoxide

FAB agathisflavone

FBS fetal bovine serum

GDNEF glia-derived neurotrophic factor
GFAP glial fibrillary acidic protein

H&E hematoxylin and eosin

Agathisflavone Improves Repair of Spinal Cord

HPRT1 hypoxanthine phosphoribosyltransferase 1
IP intra peritoneal

MHC-II histocompatibility complex class II
miR microRNA

MP methylprednisolone

MSCs mesenchymal stem cells

MTT assay 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide test

NGF nerve growth factor

PBS Phosphate-buffered saline

PFA paraformaldehyde

rMSC rat mesenchymal stem cells

RNA ribonucleic acid

RT room temperature

RT-qPCR quantitative real-time polymerase chain reaction

SCI spinal cord injury

Triton X-100 4- (1,1,3,3-tetramethylbutyl) phenyl polyethylene glycol
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Edaravone Dexborneol Treatment
Attenuates Neuronal Apoptosis and
Improves Neurological Function by
Suppressing 4-HNE-Associated
Oxidative Stress After Subarachnoid
Hemorrhage

Qian Chen, Yichen Cai, Xiaoyu Zhu, Jing Wang, Feng Gao, Mingfeng Yang, Leilei Mao *
Zongyong Zhang * and Baoliang Sun*

The Second Affiliated Hospital, Brain Science Institute, School of Basic Medical Sciences of Shandong First Medical University
and Shandong Academy of Medical Sciences, Taian, China

Edaravone dexborneol is a novel neuroprotective drug that comprises edaravone and
(+)-borneal in a 4:1 ratio. Phase Il and Il studies have demonstrated that Chinese patients
treated with edaravone dexborneol within 48 h of AIS onset have better functional outcomes
than those treated with edaravone alone. However, the effect of edaravone dexborneol on
subarachnoid hemorrhage (SAH) has not yet been elucidated. This study aimed to
investigate the therapeutic effects of edaravone dexborneol on SAH-induced brain injury
and long-term behavioral deficits and to explore the possible mechanisms. The experimental
rat SAH model was induced by an intraluminal puncture of the left middle cerebral artery
(MCA). Edaravone dexborneol or edaravone at a clinical dose was infused into the tail vein for
3days post-SAH surgery. Behavioral outcomes were assessed by a modified Garcia
scoring system and rotarod, foot-fault, and corner tests. Immunofluorescence, Western
blot, and ELISA methods were used to evaluate neuronal damage and oxidative stress. Our
results showed that a post-SAH therapeutic regimen with edaravone dexborneol helped
improve neurological function up to 21 days after SAH surgery and demonstrated a greater
beneficial effect than edaravone alone, accompanied by an obvious inhibition of neuronal
apoptosis in the CA1 hippocampus and basal cortex regions. Mechanistically, edaravone
dexborneol not only suppressed the lipid peroxidation product malondialdehyde (MDA) but
also improved the total antioxidant capability (TAC) 3 days after SAH. Notably, edaravone
dexborneol treatment significantly inhibited the expression of another lipid peroxidation
product, 4-hydroxynonenal (4-HNE), in the CA1 hippocampus and basal cortex, which are
vital participants in the process of neuronal oxidative damage and death after SAH because
of their acute cytotoxicity. Together, our results demonstrate that edaravone dexborneol
confers neuroprotection and stabilizes long-term behavioral ability after SAH injury, possibly
by suppressing 4-HNE-associated oxidative stress. These results may help develop new
clinical strategies for SAH treatment.

Keywords: oxidative stress, subarachnoid hemorrhage, edaravone dexborneol, 4-HNE, edaravone
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INTRODUCTION

Subarachnoid hemorrhage (SAH) is considered an uncommon and
severe subtype of stroke, which accounts for only 5% of strokes, but
occurs at a fairly young age (van Gijn et al,, 2007; Macdonald and
Schweizer, 2017). Moreover, the high disability and fatality rates of
patients after SAH result in huge spiritual and financial burdens for the
patients and their families (Macdonald and Schweizer, 2017). As one of
the significant pathological mechanisms of SAH-induced brain injury,
oxidative stress has been shown to induce neuronal apoptosis and tissue
necrosis by producing excessive reactive oxygen species (ROS), MDA,
4-HNE, and so on (Yang et al., 2017; Liu et al., 2020; Wu et al., 2021).
When oxidative stress occurs, 4-HNE is a vital participant in the process
of DNA damage (Liu et al,, 2020). Meanwhile, MDA is regarded as a
key marker of oxidation in the cell membrane (Tsikas, 2017).

As a potent free radical scavenger, edaravone has been shown to
protect ischemic neurons after stroke via its antioxidant property,
including suppression of lipid peroxidation and oxidant-induced DNA
damage (Kikuchi et al, 2013; Wu et al,, 2014a). In addition, edaravone
can efficiently diminish apoptosis of neurons and thus prevent the
neurologic impairment after SAH (Munakata et al,, 2011). At present,
edaravone is widely used in the clinic as a neuroprotective agent.
Notably, a novel neuroprotective agent called edaravone dexborneol,
which comprises (+)-borneol and edaravone in a ratio of 1:4, has been
recently synthetized in China (Xu et al,, 2019). A phase III clinical trial
demonstrated that Chinese patients treated with edaravone dexborneol
showed better functional outcomes within 48 h of AIS onset than those
treated with edaravone alone (Xu et al., 2021). Edaravone dexborneol is
presumed to protect against AIS by multifunctional cytoprotective
pathways, including oxidative, inflammatory, excitotoxic, and
apoptotic insults (Wu et al., 2014b). We speculated that edaravone
dexborneol treatment might attenuate SAH-induced brain injury by
suppressing oxidative stress. Nevertheless, the therapeutic effects of
edaravone dexborneol on SAH injury have not been evaluated.

In this study, we evaluated the protective effect of edaravone
dexborneol on a rat model of SAH and explored the potential
underlying mechanism. Our results indicated that compared with
edaravone, edaravone dexborneol treatment conferred better
protection against neurological deficits after SAH and that this effect
was accompanied by the inhibition of neuronal apoptosis in the CA1
hippocampus and basal cortex. Furthermore, edaravone dexborneol
treatment not only suppressed the lipid peroxidation product
malondialdehyde (MDA) but also improved the total antioxidant
capability (TAC method) 3 days after SAH. Notably, another lipid
peroxidation product, 4-HNE, was also obviously inhibited by
edaravone dexborneol in the CAl hippocampus and basal cortex,
which are vital participants in the process of neuronal oxidative damage
and death after SAH because of their acute cytotoxicity. Our findings
suggest that edaravone dexborneol treatment is a novel and clinically
feasible therapy to protect the brain against SAH injury.

MATERIALS AND METHODS

Animals and Experimental Design
Male Sprague-Dawley (SD) rats (14 weeks old, 280-300 g) were
purchased from the Pengyue Laboratory Animal Center (Jinan,

Edaravone Dexborneol Protects Against SAH

China). All animal experiments were approved by the
Institutional Animal Care and Use Committee of Shandong
First Medical University (Approval No: W202103030172) and
conducted in accordance with the National Institutes of Health
(NIH) Guide for the Care and Use of Laboratory Animals. All
animals were housed in a temperature- and humidity-controlled
12-h light/dark cycle with ad libitum access to food and water.

All experiments were performed following the experimental
design (Figure 1A). Rats were randomly assigned to experimental
groups. Edaravone dexborneol, edaravone, or the same volume
PBS was administered by tail vein injection for 3 days post-SAH
surgery, and the specified dosage (edaravone dexborneol:
3.75mg/kg, edaravone: 3 mg/kg, twice a day) was the
determined reference to the clinical dose (Xu et al., 2021). All
experiments were performed by an investigator blinded to
experimental group assignments.

Rat Subarachnoid Hemorrhage Model

The experimental SAH model was induced by intraluminal
puncture of the left middle cerebral artery (MCA) as
previously (Sugawara et al., 2008; Dong et al., 2021). In brief,
rats were deeply anesthetized with 6% isoflurane and maintained
with 2.5% isoflurane in a 30% O2/70% N2O mixture via a
facemask by a rodent ventilator (RWD, China). In brief, an
incision in midline neck skin was made, and then the left
common, external, and internal carotid arteries were isolated.
A blunted nylon (4-0) suture was inserted into the left internal
carotid artery via the left external carotid artery and then moved
toward the puncture of the left middle cerebral artery. The
incoming length of the nylon suture was approximately
18-20 mm. Subsequently, the suture was withdrawn to enable
reperfusion. Sham-operated animals underwent the same
anesthesia and surgical procedures but were not subjected to
intracranial endovascular perforation.

The success of the SAH models was evaluated by the SAH
grade scoring system (Sugawara et al., 2008). The SAH grade
score system includes two approaches: the bleed grade score
system and the modified Garcia scoring system. The bleed
grade score system (score <8 was excluded from the study)
was used for animals that were killed 24h or 3 d after SAH,
and the modified Garcia scoring system (score >14 on day 1 after
SAH was excluded from the study) was used 1 day after surgery
for animals that needed to survive for a long time. The mortality
rate for the SAH animals was approximately 5.4% (six of 113 total
rats died after SAH surgery), and the success rate was
approximately 91.6% (9 excluded of 107 rats).

Behavioral Tests

Behavioral tests were performed in a blinded manner to evaluate
the sensorimotor function of the rats. The modified Garcia
scoring system was performed as described previously (2)
and used to evaluate the comprehensive neurological
function after SAH. In brief, the modified Garcia scoring
system includes six items (3 points/item): body sensations,
spontaneous activity of the extremities, motor ability,
climbing ability, movement and strength of the forelimbs,
and responses to stimulating whiskers.
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The rotarod test was performed to evaluate the balance and
sensorimotor coordination (Mao et al., 2020). After the animals
were placed on the rods, the rods began to accelerate to 40 r/min
within 30 s, and this speed was maintained until 300 s. The duration
on the rods was recorded. The foot-fault test was related to deficits in
motor control. The rats were placed on a stainless steel grid floor and
allowed to move on it for 1 min during each trial. A foot fault was
recorded when a paw slipped. The percentages of foot faults were
calculated by errors versus total steps made by the contralateral limbs.
The corner test was used to assess asymmetric behavior after SAH (Lei
etal,, 2020; Mao et al., 2020). The rats were placed between two boards
angled at 30°. Normal rats randomly turned back without a preference
for direction, but rats with focalized sensorimotor dysfunction showed
a preference to turn toward the non-impaired side. We repeated the
corner test ten times and recorded the number of right or left turns.

Immunofluorescence Staining

Three days after SAH, the animals were euthanized and perfused
with cold saline, followed by PBS containing 4% paraformaldehyde.
Their brains were removed and fixed in 4% paraformaldehyde for
24 h, followed by 20% sucrose/paraformaldehyde buffer and 30%
sucrose/PBS buffer for 72 h. Serial sections (20 um thickness) were
prepared by a freezing microtome. The slices at specific levels were
selected for immunohistochemical staining. First, the selected slices
were incubated with primary antibodies at 4°C overnight. The
primary antibodies included goat anti-4-HNE (Millipore), rabbit
anti-GFAP (ProteinTech), cleaved caspase 3 (Cell Signaling
Technology), and rabbit anti-NeuN (Millipore). Second, after

three washes in 0.3% PBST, slices were incubated with a
secondary antibody labeled with a fluorescent dye (Jackson
ImmunoResearch Laboratories) for 1h at room temperature. The
slices were then washed and mounted with DAPI Fluoromount-G
(Southern Biotech). Finally, images were acquired under a confocal
microscope (Nikon), and immunopositive cell quantification in the
cortex or hippocampus was performed by Image]J software.

Western Blot

The basal cortex and hippocampus of the ipsilateral hemisphere were
harvested 72 h after SAH, frozen in dry ice, and stored at -80°C until
use. The samples were homogenized and centrifuged for 10 min
(12,000 r/min). Equal amounts of protein samples were loaded and
probed with antibodies recognizing cleaved caspase 3, 4-HNE
(Millipore), cleaved caspase 3 (Cell Signaling Technology), or S-actin
(Sigma, United States). After incubating with secondary antibodies for
1h, the membranes were detected by a chemiluminescence substrate
and visualized by using a ChemiDoc MP Imaging System (Bio-Rad).
The optical density of the bands was measured by Image] and
normalized to the corresponding -actin band.

MDA and Total Antioxidant Capability (TAC)
The basal cortex and hippocampus of the ipsilateral hemisphere
were homogenized in cold PBS (W/V = 20 mg/100 uL) and then
subjected to centrifugal separation. The supernatant was collected
for MDA (Beyotime, China) or TAC (Beyotime, China)
detection. The detailed testing procedures were carried out
according to the manufacturer’s instructions.
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modified Garcia scoring system. (B-D) Acute sensorimotor dysfunction at 1-21 days after SAH was assessed by (A) Garcia score, (B) rotarod test, (C) foot-fault test,
and (D) corner test. N = 8/group. Data are given as mean + SE. *p < 0.05, *p < 0.01, **p < 0.001 vs. Eda. **p < 0.001, **p < 0.0001 vs. PBS. Eda: edaravone; Eda

dexborneol: edaravone dexborneol.

Statistical Analysis

All results are presented as means + SEM (standard error of the
mean). Differences among the four groups were analyzed using
one-way or two-way ANOVA using Bonferroni’s multiple
comparisons test in GraphPad Prism software 7.0. In all
results, a p value <0.05 was considered statistically significant.

RESULTS

Edaravone dexborneol treatment confers long-term protection
against neurological dysfunction after SAH.

Male SD rats were randomly assigned to experimental
groups and then subjected to SAH or sham surgery.
Edaravone dexborneol, edaravone, or the same volume of
PBS was administered by tail vein injection twice a day
from 1 h to 3d post-SAH surgery (Figure 1A). The
experimental SAH model was induced by an intraluminal
puncture of the left middle cerebral artery (MCA).
Subarachnoid blood clots were observed on the circle of
Willis (Figure 1B). There were no significant differences
between the PBS, edaravone, and edaravone dexborneol
groups, suggesting that variation in SAH size did not
confound the results (Figure 1C).

To assess the therapeutic effects of edaravone dexborneol or
edaravone on SAH-induced neurological dysfunction, we
employed the Garcia scoring system, rotarod test, foot-fault
test, and corner test to examine neurobehavioral capacity
before and up to 21 days after SAH. The neurological score
results suggested that edaravone dexborneol treatment
significantly improved neurobehavioral deficits within 10 days
after SAH surgery, and the efficacy was much better than that of
edaravone alone at 3 and 5d post-SAH (Figure 2A). Similarly,
sensorimotor deficits were significantly reduced in edaravone
dexborneol-treated SAH rats compared to SAH rats treated with
edaravone alone, as demonstrated by the performance on the
rotarod test for sensorimotor coordination, the foot-fault test for
balance function, and the corner test for turning asymmetry
(Figures 2B-D). Taken together, these results suggest a better
beneficial role of edaravone dexborneol than edaravone alone in
improving long-term neurobehavioral functions following SAH.

Edaravone Dexborneol Treatment
Attenuates Neuronal Apoptosis After

Subarachnoid Hemorrhage in Rats
Since neuronal apoptosis has been considered a significant
structural basis of neurobehavioral deficits after SAH, we
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FIGURE 3 | Immunofluorescent staining showing that edaravone dexborneol treatment profoundly decreased the levels of cleaved caspase 3 in the brain after SAH
injury. (A,B) Representative immunofluorescence images of cleaved caspase 3 (green)/NeuN (red)-stained neurons in CA1 of the hippocampus (A) and basal cortex (B)
at 3 d after SAH. Scale bar: 20 um. (C-F) Quantitative analysis of caspase 3*NeuN* neurons and cleaved caspase 3" cells in each group. Data are normalized to sham.
n = 3/group. Data are given as mean + SE. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. Eda: edaravone; Eda dexborneol: edaravone dexborneol.

killed the rats 3 days after surgery and detected the expression of ~ 4A, B). The levels of cleaved caspase 3 increased in both
cleaved caspase 3 in the CA1 hippocampus and basal cortex by ~ regions 3 days after SAH, while both edaravone dexborneol
immunofluorescent staining, where cleaved caspase 3 is a key  and edaravone treatments evidently inhibited the expression
factor leading to apoptosis. As shown in Figures 3A, B, of cleaved caspase 3. Moreover, edaravone dexborneol
significant increases in cleaved caspase 3 staining were  showed a better inhibitory effect on cleaved caspase 3.
observed in neurons of the CAl hippocampus and basal  Collectively, these data indicated that compared to
cortex regions in PBS-treated rats, resulting in an increased  edaravone, edaravone dexborneol treatment conferred
cleaved caspase 3" neuron ratio and cleaved caspase 3" cell  greater neuroprotection against SAH-induced cell
number (Figures 3C-F). Both treatments of edaravone  apoptosis, which may underlie the improved long-term
dexborneol and edaravone alone significantly decreased the  neurobehavioral functions.
cleaved caspase 3-positive neuron ratio compared to PBS
treatment in both brain regions, and treatment with edaravone .
dexborneol showed greater effects than treatment with edaravone Edaravone Dexborneol Treatment Inhibits
in the CA1 hippocampal region (Figures 3C, E). In addition, ~OXxidative Stress After SAH
edaravone dexborneol treatment was more efficient in decreasing ~ We next investigated the neuroprotective mechanism of
the number of cleaved caspase 3-positive cells in both brain  edaravone dexborneol treatment. Oxidative stress is widely
regions (Figures 3D, F). considered to be an important mechanism of SAH-induced
Furthermore, to determine the neuroprotective effect of  cell apoptosis, and edaravone has been reported to be a
edaravone dexborneol on cerebral cell resistance, we detected ~ powerful antioxidant. Therefore, we focused on the
the expression of cleaved caspase 3 in the brain basal cortex  antioxidant roles of edaravone dexborneol and edaravone
and CAl hippocampal regions by Western blot analysis.  treatment, measured by total antioxidant capability (TAC) and
Western blots validated the immunostaining data (Figures  lipid peroxidation MDA assays 3 days after SAH. As shown in
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FIGURE 4 | Western blot showing that edaravone dexborneol treatment profoundly decreased the levels of cleaved caspase 3 in the brain after SAH injury. (A,B)
Representative Western blot images and semiquantitative data show the expression of cleaved caspase 3 in the basal cortex (A) and CA1 hippocampus (B) at 3 d after
SAH. Data are normalized to sham. n = 4/group. “p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. Eda: edaravone; Eda dexborneol: edaravone dexborneol.
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FIGURE 5 | Edaravone dexborneol treatment significantly suppressed oxidative stress after SAH. ABTS assay was used to detect the total antioxidant capability of
cortical (A) and hippocampal tissues (B) after SAH. An MDA assay was used to evaluate SAH-induced lipid peroxidation in the cortex (C) and hippocampus (D). Data are
given as mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. Eda: edaravone; Eda dexborneol: edaravone dexborneol.
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FIGURE 6 | Edaravone dexborneol treatment decreases the levels of 4-HNE in neurons after SAH injury. (A,B) Representative immunofluorescence images of 4-
HNE (red)/NeuN (green)-stained neurons in the basal cortex (A) and CA1 of the hippocampus (B) at 3 d after SAH. Scale bar: 20 pm. (C) The schema illustrates the
regions of interest related to fluorescence staining in the brain cortex or hippocampus. (D,E) Quantitative analysis of 4-HNE + neurons in the basal cortex (D) and CA1 of
the hippocampus (E) at 3 d after SAH. n = 3/group. Data are given as mean + SE. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. Eda: edaravone; Eda

Figures 5A, B, both edaravone dexborneol and edaravone
treatment displayed significant antioxidant functions, and the
antioxidant ability of edaravone dexborneol was much stronger
than that of edaravone alone. The expression of lipid peroxidation
MDA was significantly increased both in the CA1 hippocampus
and basal cortex regions 3 d after SAH surgery, which could be
inhibited by edaravone dexborneol or edaravone treatment alone
(Figures 5C, D). Significantly, compared to edaravone,
edaravone dexborneol treatment showed a stronger ability to
suppress MDA production in the CAl hippocampus
(Figure 5D). Taken together, these data suggest that
edaravone dexborneol treatment confers antioxidant capability
against SAH-induced cerebral injury.

Edaravone dexborneol treatment decreases the levels of 4-
HNE in the brain after SAH.

As an important product of lipid peroxidation, MDA appears
to be the most mutagenic product, whereas 4-HNE is the most
toxic (Ayala et al., 2014), causing neuronal oxidative damage and
death. Next, we investigated the inhibitory effects of edaravone

dexborneol on 4-HNE in the brain after SAH. As shown in
Figure 6, the 4-HNE level in the neurons were significantly
increased both in the basal cortex and CAl hippocampal
regions 3d after SAH surgery compared with the sham-
operated group, whereas edaravone dexborneol or edaravone
treatment effectively inhibited the SAH-elevated level of 4-
HNE in the neurons, and edaravone dexborneol showed a
stronger inhibitory effect. Meanwhile, we detected the level of
4-HNE in  astrocytes after SAH  using double
immunofluorescence  staining for 4-HNE and GFAP
(Figure 7). Similarly, the results indicated that the 4-HNE
level in astrocytes was also significantly increased both in the
basal cortex and CA1 hippocampal regions 3 d after SAH surgery.
Compared with edaravone treatment, edaravone dexborneol
treatment provided a stronger inhibitory effect on 4-HNE
levels in astrocytes after SAH.

Finally, we collected fresh basal cortex and hippocampal
tissues 3 d after surgery for Western blotting (Figure 8). The
expression of 4-HNE was significantly increased in both the
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FIGURE 7 | Edaravone dexborneol treatment decreases the levels of 4-HNE in astrocytes after SAH injury. (A,B) Representative immunofluorescence images of 4-
HNE (red)/GFAP (green)-stained astrocytes in the basal cortex (A) and CA1 of the hippocampus (B) at 3 d after SAH. Scale bar: 20 um. (C,D) Quantitative analysis of 4-
HNE + astrocytes in the basal cortex (C) and CA1 of the hippocampus (D) at 3 d after SAH. n = 3/group. Data are given as mean + SE. *p < 0.05, **p < 0.01, **p < 0.001,
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cortex and hippocampus after SAH and could be inhibited by
edaravone dexborneol or edaravone treatment. Moreover,
Western blot results validated the immunofluorescent staining
data showing that the inhibitory effect of edaravone dexborneol
on 4-HNE was greater than that of edaravone. In summary,
compared with edaravone, edaravone dexborneol treatment was
able to provide greater antioxidant ability against SAH-induced
brain injury by inhibiting 4-HNE expression.

DISCUSSION

In this study, we demonstrated that edaravone dexborneol
treatment significantly attenuated neuronal apoptosis and
improved long-term neurological outcomes up to 21 days after
SAH injury. Moreover, we further illustrated that edaravone
dexborneol treatment provided a protective effect against SAH
injury by, at least partially, inhibiting the 4-HNE-related
oxidative stress response.

Edaravone dexborneol is a novel neuroprotective drug that
comprises edaravone and (+)-borneol in a 4:1 ratio (Wu et al,,
2014b). Phase IT and III studies have demonstrated that Chinese
patients treated with edaravone dexborneol within 48 h of acute
ischemic stroke onset have better functional outcomes than
those treated with edaravone alone. Moreover, edaravone
dexborneol has been found to be safe and well tolerated at
different doses compared with edaravone alone (Xu et al., 2019;
Xu et al., 2021). Edaravone dexborneol has been cleared by the
National Medical Products Administration (NMPA) of China
for clinical use in AIS patients since July 2020 and has obtained
good outcomes. The neuroprotective mechanisms of edaravone
dexborneol against AIS are thought to involve a multifunctional
cytoprotective pathway, including oxidative, excitotoxic,
inflammatory, and apoptotic insults. However, the effects of
edaravone dexborneol in the treatment of SAH have not been
studied.

As a free radical scavenger, edaravone (3-methyl-1-phenyl-
2-pyrazolin-5-one) has been widely used to improve
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FIGURE 8 | Western blot showing that edaravone dexborneol treatment profoundly decreased the levels of 4-HNE in the brain after SAH injury. (A,B)
Representative Western blot images show the expression of 4-HNE in the basal cortex (A) and CA1 hippocampus (B) tissue at 3 d after SAH. (C,D) Semiquantitative
data of Western blot bands for 4-HNE in each group. Data are normalized to sham. n = 4/group. *p < 0.05, ***p < 0.001, ***p < 0.0001. Eda: edaravone; Eda dexborneol:
edaravone dexborneol.

functional outcomes in AIS patients in recent vyears.
Furthermore, previous reports showed that edaravone is a
useful agent for the treatment of SAH, manifested by a
lower incidence of delayed ischemic neurological deficits
and a lower incidence of poor outcome in SAH patients
(Munakata et al., 2009; Munakata et al., 2011). In order to
investigate the advantage of edaravone dexborneol on SAH
injury, we chose edaravone as the positive control drug.
(+)-Borneol is a bicyclic terpene compound that can
prevent nerve injury in ischemic stroke. The related
mechanisms of neuroprotection include resistance to
reactive oxygen species injury, improvement of cerebral
blood flow, blocking of Ca®* overload, and inhibition of
neuronal excitotoxicity (Li et al., 2021). Edaravone
dexborneol, comprising edaravone and (+)-borneol, is
regarded to confer neuroprotection upon stroke injury,
which may be more effective than edaravone alone against
stroke (Wu et al., 2014b; Xu et al., 2019; Xu et al., 2021). This
study is aimed to ascertain the effects of edaravone dexborneol
on SAH injury and explore the therapeutic differences between
the two drugs. We found that compared to edaravone alone,
post-SAH edaravone dexborneol treatment conferred a
stronger long-term  protection against neurological
dysfunction.

Oxidative stress has been identified as an important
mechanism by which acute brain damage causes

neurological dysfunction after SAH (Jarocka-Karpowicz
et al., 2020; Wei et al., 2020). In addition, neuronal
apoptosis has been shown to occur in the brain cortex and
hippocampus which are associated with oxidative stress injury
following SAH (Ayer and Zhang, 2008). Furthermore, the
basal cortex and CA1 hippocampus are the most concerned
regions that show more severe damage (Sehba et al., 2012; Mo
etal, 2019; Zhang et al., 2020). Interestingly, our study showed
that compared to edaravone, edaravone dexborneol treatment
conferred greater neuroprotection against SAH-induced cell
apoptosis in the basal cortex and CA1l hippocampal regions.
Under physiological conditions, redox homeostasis is the
result of a balance between the expression of oxidative
stress products and the antioxidant capacity. Oxidative
stress injury occurs when the production of free radical
moieties and lipid peroxides exceeds the antioxidant
capacity of the related brain regions (Fumoto et al, 2019;
Jarocka-Karpowicz et al., 2020). Oxidative stress plays an
important role in the course of various pathological changes
in early brain injury after SAH, whereas pharmacological or
genetic suppression of oxidative stress has been regarded to
alleviate early brain injury which is involved in the
development of cerebral ischemia and poor outcome
(Fumoto et al., 2019). Our study shows that both edaravone
dexborneol and edaravone treatment display powerful
antioxidant functions according to a total antioxidant
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FIGURE 9 | Schematic illustration of the mechanisms by which edaravone dexborneol afforded neuroprotection against SAH-induced brain injury. SAH could
cause neuronal apoptosis by inducing oxidative stress injury. Edaravone dexborneol treatment attenuates neuronal apoptosis by affording powerful antioxidant capacity
after SAH, accompanied by the inhibition of lipid peroxidation products such as 4-HNE and MDA.

capability assay with a rapid ABTS method, and the
antioxidant ability of edaravone dexborneol is much
stronger than that of edaravone alone. In addition,
compared to edaravone, edaravone dexborneol treatment
shows a stronger ability to suppress the production of
MDA, which may be related to DNA damage after SAH as
an important product of lipid peroxide (Zhuang et al., 2019;
Jarocka-Karpowicz et al., 2020).

4-HNE is considered as another important lipid peroxidation
product not only as a biomarker of oxidative stress but also as
one of the most formidable reactive aldehydes (Breitzig et al.,
2016; Deng et al., 2020). 4-HNE has been implicated in neuronal
oxidative damage and death after SAH because of its toxicity
(Siuta et al., 2013). Additionally, recent studies have reported
that the cytotoxicity of 4-HNE involves several mechanisms,
specifically 1) 4-HNE has been shown to play a role in altering
signal transduction by altering protein structure, such as to
upregulating proapoptotic factors or accelerating protein
degradation (Moldogazieva et al., 2019), and 2) 4-HNE has
been reported to promote inflammation by stimulating MCP-1,
TNF-a, TGF-B, or other pro-inflammatory cytokines (Vistoli
etal, 2013; Zhang et al., 2016). Furthermore, studies report that
4-HNE could induce deactivation of proteins, such as ALDH2,
by modes of inhibition or structural change (Jinsmaa et al,
2009). Our data showed that the expression of 4-HNE
significantly increased in the brain cortex and hippocampal
regions on day 3 after SAH, and edaravone dexborneol
treatment significantly suppressed the increase in 4-HNE
expression. Thus, the antioxidant ability of edaravone
dexborneol is well confirmed. Nevertheless, to verify the key
role of 4-HNE in the neuroprotective mechanisms of edaravone
dexborneol, we will explore whether supplementation with 4-

HNE in the brain could deplete the neuroprotection of
edaravone dexborneol in the protection against SAH-induced
brain injury. Moreover, future studies are warranted to elucidate
the precise signaling mechanism by which edaravone
dexborneol inhibits 4-HNE expression after SAH.

Our current study first investigated the therapeutic effects of
edaravone dexborneol on an experimental SAH model. Similar to
edaravone dexborneol studies on AIS (Wu et al., 2014b), our
study further confirmed its antioxidant and anti-apoptosis ability
against brain injury. These findings are also consistent with
accumulating  evidence  showing the  neuroprotective
mechanism of edaravone involving its antioxidant ability (Wu
et al, 2014a; Fumoto et al., 2019; Nakanishi et al., 2019).
Meanwhile, this was the first study to discuss the inhibitory
effect of edaravone dexborneol on MDA and 4-HNE.
Similarly, edaravone-alone treatment also showed the
inhibition of 4-HNE against traumatic brain injury (Itoh et al,
2010) or AIS (Lukic-Panin et al., 2010)-induced oxidative stress.
Furthermore, the effects of edaravone dexborneol on some other
mechanisms of SAH-induced brain injury such as
neuroinflammation, excitotoxicity, or vessel spasm warrant
further investigation. Accompanied by the wide clinical
application of edaravone dexborneol on AIS, we look forward
to clinical trials on SAH patients.

In summary, this study is the first to demonstrate that
edaravone dexborneol confers neuroprotection and stabilizes
long-term behavioral ability after SAH injury, possibly by
improving antioxidant capacity and suppressing lipid
peroxidation products such as MDA and 4-HNE, as shown in
Figure 9. Our results reveal a novel neuroprotective agent against
SAH injury. These results may help develop new clinical
strategies for SAH treatment.
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Xiu-Yuan Lang ", Yang Hu", Jin-Peng Bai', Jun Wang', Xiao-Yan Qin'* and Rongfeng Lan?*

"Key Laboratory of Ecology and Environment in Minority Areas National Ethnic Affairs Commission, Center on Translational
Neuroscience, College of Life and Environmental Sciences, Minzu University of China, Beijing, China, Department of Cell Biology
and Medical Genetics, School of Basic Medical Sciences, Shenzhen University Health Science Center, Shenzhen, China

The tuber of Coeloglossum viride var. bracteatum is a Tibetan medicine that has been used
for generations as a tonic for Yang and Qi, tranquilizing, to enhance intelligence and to
promote longevity. We have previously characterized the constituents of Coeloglossum
viride var. bracteatum extract (CE) and investigated its anti-Alzheimer’s disease (AD) effect
in mice models. However, the exact role of CE in Parkinson’s disease (PD), especially the
neurotrophic and inflammatory pathways regulated by CE, remains unknown. In this study,
we investigated the anti-PD effects of CE in an MPTP-induced acute mouse model and its
underlying mechanisms, focusing on BDNF, FGF2 and their mediated signaling pathways
and RIP1-driven inflammatory signaling axis. Pole test and traction test were performed for
behavioral analysis. RT-PCR, IHC and Western blotting were performed to assay the
MRNA, tissues, and protein, respectively. We found that CE improved dyskinesia in MPTP-
intoxicated mice, which was confirmed by the pole test and traction test. Also, oxidative
stress and astrocyte activation and inflammation were alleviated. MPTP-intoxication
disrupted the levels of BDNF, FGF2 and their mediated signaling pathways, triggered
elevation of pro-inflammatory factors such as TNF-a, IL-1B, and IL-6, and activated RIP1-
driven inflammatory axis. However, CE restored the levels of BDNF, FGF2 and TrkB/Akt
signaling pathways while inhibiting the RIP1-driven inflammatory signaling axis, thereby
inhibiting apoptosis, preventing loss of nigrostriatal neurons, and maintaining cellular
homeostasis. Thus, CE is a promising agent for the treatment of PD.

Keywords: BDNF, LC-3, Parkinson’s disease, RIP1, TBK1

Abbreviations: BDNF, brain-derived neurotrophic factor; CE, Coeloglossum viride var. bracteatum extract; FGF2, fibroblast
growth factor 2; IL-6, interleukin-6; IL-1p, interleukin-1p; MDA, malondialdehyde; MLKL, Mixed lineage kinase domain-like
protein; MPTP, 1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine; PD, Parkinson’s disease; RIP1, receptor-interacting serine/
threonine-protein kinase 1; RIP3, receptor-interacting serine/threonine-protein kinase 3; SOD, superoxide dismutase; T-AOC,
total antioxidant capacity; TBK1, TANK-binding kinase 1; TH, tyrosine hydroxylase; TNF-a, tumor necrosis factor alpha.
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INTRODUCTION

The tuber of Coeloglossum viride var. bracteatum is a traditional
Tibetan medicine used to strengthen the Yang and Qj, to treat
impotence and bronchial asthma (Shang et al., 2017). It has long
been used as a tonic for cough, kidney asthenia and dyspnea in
Asian countries such as China and Nepal, and is documented in
the classical Tibetan medical classics “Si Bu Yi Dian” and “Jing
Zhu Ben Cao” (Udo-Gendaan-Gompo, 1983; Dilma-Tenzin-
Phuntsok, 2012). The preparations using Coeloglossum viride
var. bracteatum extract (CE) as the main ingredient, such as
“Shi Wei Shou Shen San”, “Fu Fang Shou Shen Wan”, have been
approved by the State Medical Products Administration of China
(https://www.nmpa.gov.cn) and are listed in the Chinese
Pharmacopeia. We have previously identified the composition
of CE and demonstrated its neuroprotective effects in AlCl;/Gal-
induced cognitive impairment or 5xFAD Alzheimer’s disease
mouse models (Zhong et al., 2019; Cai et al,, 2021; Li et al,
2021). CE exerts a large number of antioxidant, anti-aging and
anti-inflammatory properties and has no auto-toxicity, thus a
potential drug for the treatment of neurodegenerative diseases
(Shang et al., 2017). CE is mainly composed of a large number of
glycosides, such as Militarine, Dactylorhin A, Dactylorhin B,
Loroglossin, and Coelovirin A and so on. Increasing evidence
suggests that the mechanism of CE activity depends on
attenuating oxidative stress and inflammation and enhancing
the activity of neurotrophic factors, including BDNF, FGF2, etc.
and their regulated downstream signaling pathways, such as
PI3K-Akt/Bcl-2, and Erk1/2 (Shang et al, 2017; Li et al,
2022). In contrast, glial cell activation and the typical
inflammatory process they mediate and the subsequent release
of pro-inflammatory factors such as TNF-a, IL-1f, and IL-6 are
inhibited by CE. As a result, neuronal apoptosis is inhibited and
the cellular homeostasis of the central nervous system (CNS) is
maintained. Indeed, we have previously investigated the anti-PD
and antidepressant effects of 2,3,5,4’-tetrahydoxystilbene-2-O-f-
D-glucoside (THSG) in cultured cells and MPTP-induced PD
mouse models as well as in mice with chronic stress-induced
depression (Yu et al.,, 2019; Li et al,, 2020). THSG is a potent agent
that increases activity of FGF2 and BDNF levels and their
downstream signaling pathways in the CNS. THSG inhibits
apoptosis and promotes cell survival, thereby improving
dyskenesia in PD mouse models.

MPTP (1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine) is
non-toxic and permeable and accumulates in the CNS after
crossing the blood-brain barrier, especially in astrocytes, where
it is metabolized to toxic 1-methyl-4-phenylpyridinium (MPP+).
MPP + then destroys dopaminergic neurons in the substantia
nigra and striatum, leading to permanent PD-like symptoms
and Przedborski, 2003). Indeed, the loss of
mesencephalic dopaminergic neurons is the most remarkable
feature of PD pathogenesis and of the MPTP-induced murine
models. Tyrosine hydroxylase (TH), the rate-limiting enzyme of
catecholamine biosynthesis (Dauer and Przedborski, 2003;
Battaglia et al., 2006), directly regulates levodopa biosynthesis,
especially in dopaminergic neurons, and thus it can be used as a
marker to monitor nigrostriatal damage. BDNF is a neurtrophic

(Dauer

Anti PD Activity of CE

factor of dopaminergic neurons that increases its survival
(Hyman et al., 1991). Indeed, one hypothesis proposes that
deficiencies of neurotrophins and other regulatory factors lead
to neuronal atrophy and apoptosis, and that restoring the
expression of these factors and their downstream signaling
axes improves neuronal integrity and plasticity (Martinowich
etal., 2007; Chen et al., 2016; Zhong et al., 2019). PI3K/Akt-Bcl-2
is the most prevalent signaling axis that maintains cell survival
and is actually required for neuronal survival (Long et al., 2021).
BDNF acts as an upstream trigger to activate Akt signaling and
initiate signaling cascades by binding to the neurotrophic tyrosine
kinase receptor TrkB. Thus, BDNF and its mediated signaling is a
promising target for neurodegenerative diseases and drug
development.

In this study, we investigate the anti-PD effects of CE in an
MPTP-induced mouse model. The levels of BDNF, FGF2 and
their associated signaling pathways, oxidative stress and glial cell
activation-mediated inflammation and RIP1-driven
inflammatory pathways were detected to verify the activity of
CE as well as the underlying mechanisms.

MATERIALS AND METHODS

Animals

C57BL/6 mice (8-10 weeks, 20 g) were provided by Beijing Vital
River Laboratory Animal Technology Co. Ltd. under license No.
SCXK-2016-2002. Mice were provided with food and water ad
libitum and maintained on a 12-h light/dark cycle. All procedures
were performed in accordance with the National Institutes of
Health Laboratory Animal Care and Use Guidelines (NIH
Publication No. 80-23) and approved by Animal Care and Use
Committee of Minzu University of China.

A total of 60 mice were randomly divided into six groups (n =
10) of Control, MPTP, MPTP +125 mg/kg Madopar, MPTP
+5mg/kg CE, MPTP +10 mg/kg CE, and MPTP +20 mg/kg
CE. The acute mouse PD model was established as described
(Jackson-Lewis and Przedborski, 2007). Briefly, MPTP
(20 mg/kg) was administrated subcutaneously to the animals
four times in 1 day (day 8). From day 1 to day 21, mice in the
MPTP + CE and MPTP + Madopar groups received daily oral CE
or Madopar, while mice in the control group received equal
amounts of saline. Behavioral procedures were performed on
days 7, 9 and 21. Finally, mice were anesthetized with 5% chloral
hydrate (0.1 ml/g), perfused and dissected in the substantia nigra
and striatum for further experiments.

CE and Chemicals

Coeloglossum viride var. bracteatum was identified, collected, and
processed as previously described (Huang et al., 2004; Shang et al.,
2017; Li et al, 2022). In this work, CE was prepared and its
chemical composition was characterized according to previous
methods (Cai et al., 2021; Li et al., 2021). In brief, the dried tubers
of Coeloglossum viride var. bracteatum was extracted with 70%
ethanol at reflux, then suspended in water and partitioned
successively with petroleum ether, ethyl acetate, and n-butanol.
The n-butanol extract was furthered purified by passing through a
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HP-20 macroporous resin. The final product used in this study
was characterized by a hydrosphere C18 column for the main
components of CE, including Dactylorhin A, Dactylorhin B,
Loroglossin, and Militarine (Cai et al., 2021). Madopar is a
clinical anti-PD drug containing two active ingredients,
levodopa (#S2176, Selleck) and benserazide (#S2453, Selleck)
in a ratio of 4:1. MPTP was purchased from Sigma-Aldrich
(#M0896).

Behavior Procedures

The Pole test was used to examine the locomotion and motor
coordination in PD mice (Matsuura et al., 1997). A 25-mm
diameter cork ball was secured to the top of a wooden pole
(height 50 cm and diameter 1 cm) with gauze to prevent slippage.
Mice were placed face up on top of the cork ball and tested for the
time required to descend from the cork ball to the middle of the
wooden pole and the time to descend from the middle to the
ground. Trials completed within 3's were scored three points;
3-6 s, two points; > 6 s, one point. Three trails were performed for
each animal to obtain an average.

The traction test was used to measure muscle strength and
equilibrium (Cryan et al., 2005). Mice are suspended by their
front paws from a horizontal rope approximately 40-50 cm above
the table to provide sufficient time and space for the animal to
land. Duration time was recorded and scored according to the
following criteria: 0-4's, 0 point; 5-9 s, one point; 10-14 s, two
points; 15-19 s, three points; 20-24 s, four points; 25-29 s, five
points; and >30s, six points.

Real-Time PCR

Total RNA was purified from substantia nigra using TRIzol reagent
(#15596018, Ambion). First strand cDNAs were yielded from 2.0 pg
RNA using EasyQuick RT MasterMix Kit (#CW 2019M, Cowin
Bio.) and then diluted 1:10 in nuclease-free water for a 20 pl reaction.
Quantitative PCR were performed in a Light Cycler 96 Real-Time
PCR System (Roche) using 2x RealStar Green Fast Mixture (#A301-
05, GenStar) containing primers for TNF-a, IL-1p, IL-6 and IL-10,
respectively, for 20 ul reactions. Three replicates of each dilution
were performed and five samples were examined.

Oxidative Stress Assay
The substantia nigra was isolated and resolved (~0.3 g) into
1.5 ml of distilled water at 4°C, and homogenates in a grinder
(#SCENTZ-48, Ningbo Scientz Biotechnology Co., Ltd.) for
2 min, followed by centrifugation at 3,000 rpm for 10 min
collection of the supernatant. Protein concentrations were
determined by BCA assay (#P0011, Beyotime Biotechnology).
Total antioxidant capacity (T-AOC) (#A015-1-2), enzymatic
activity of superoxide dismutase (T-SOD) (#A001-3-2), and the
contents of malondialdehyde (MDA) (#A003-1-2) in substantia
nigra were determined by spectrophotometer, and the kits were
purchased from Nanjing Jiancheng Biological Engineering
Research Institute, according to the manufacturer’s instructions.

Immunohistochemistry
Mouse brains were fixed with 4% formaldehyde overnight at 4°C,
rinsed with PBS, successively dehydrated with 10%, 20%, 30%
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sucrose solutions, embedded in optimized cryo-sectioning
medium, sectioned, and placed onto poly-L-lysine coated
slides. Sections were then incubated in 3% H,O, for 15 min to
inhibit endogenous peroxidases, washed 3 times with PBS, and
incubated in blocking buffer (0.3% Triton-X-100, 5% serum in
PBS) for 1h. Sections were incubated with anti-tyrosine
hydroxylase (1:200, #P40101) or GFAP (1:1,000, #16825-1-AP,
Proteintech) antibodies overnight at 4°C. Subsequently, sections
were incubated with HRP-labeled secondary antibody and
signaled with 3, 3’-diaminobenzidine (DAB) as a substrate.
After mounting on glass slides, sections were successively
dehydrated in ethanol (50%, 75%, 85%, 95% and 100%),
washed with xylene and coated with resinene. Microscopic
imaging of TH or GFAP-positive cells was performed and the
number of cells per image was manually counted by marking
points in the software Image-Pro Plus 6.0 (Media Cybernetics,
Inc.) (Battaglia et al., 2006). The number of cells was divided by
the area of the image to obtain the number of cells per square
millimeters.

Western Blotting

Proteins were extracted from the substantia nigra and corpus
striatum using RIPA lysis buffer (#P0013B, Beyotime
Biotechnology). After measuring protein concentrations using
the BCA assay (#P0011, Beyotime Biotechnology), equal
amounts of protein from each sample were separated by SDS-
PAGE gels and transferred to a nitrocellulose membranes. After
blocking with 5% skim milk for 1h at room temperature, the
membranes were incubated separately with primary antibodies.
Primary antibodies specific for Akt (#AF0045), phospho-Akt
(Ser473) (#AF1546), Erkl/2 (#AF1051), phosphor-Erkl
(Thr202/Tyr204)/Erk2 (Thr185/Tyr187) (#AF 1891), Bcl-2
(#AF0060), S-actin (#AF0003), phosphor-TrkB (Tyr817) (#AF
1963) and RIP3 (#AF7893) were provided by Beyotime
Biotechnology. Anti BDNF (#47808), TrkB (#4603), cleaved-
Caspase-3 (#9664), TBK1 (#3504), phosphor-TBK1 (#5483),
RIP1 (#3493), phospho-RIP1 (Serl66) (#31122) antibodies
were provided by Cell Signaling Technology, Inc. Anti LC-3
(#bs-8878R), Beclinl (#bs-1353R) and tyrosine hydroxylase
(TH) (#bs-0016R) antibodies were provided by Beijing
Biosynthesis Biotechnology. Anti GFAP (#16825-1-AP),
MAP2  (#17490-1-AP) and MLKL (#21066-1-AP) were
purchased from Proteintech Group, Inc. Anti FGF2 antibody
(#sc-136255) was purchased from Santa Cruz Biotechnology and
anti phospho-MLKL (#MABC1158) was purchased from Sigma-
Aldrich. WB images were captured by an Odyssey CLx infrared
fluorescence imaging system (LI-COR Biosciences). The optical
density of the protein band was quantified by Image] software
and normalized to S-actin.

Statistical Analysis

Data were showed as mean + s.em and plotted in GraphPad
Prism 8.0 software. One-way ANOVA (analysis of variance) was
used to determine statistical significance between groups,
followed by Dunnett’s multiple comparisons test. For non-
parametric tests, the Mann-Whitney test was applied. *, **,
and *** denote p < 0.05, p < 0.01, or p < 0.001, respectively.
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FIGURE 1 | CE attenuates MPTP-induced neurotoxicity in mice. (A) Experimental flow of the MPTP-induced PD mouse model. (B,C) Behavioral analyses were
performed at days 7, 9 and 21, including the pole test and traction test. Non-parametric analyses were determined by Mann-Whitney test, n = 10. (D) CE attenuates
oxidative stress and promotes MDA clearance in substantia nigra. One-way ANOVA with post hoc Dunnett’s test, n = 5.

RESULTS

CE Attenuates MPTP-Induced
Neurotoxicity and Improves Dyskinesia in
Mice

After injection of parkinsonian toxin MPTP (20 mg/kg, 4 times in
1 day), C57BL/6 mice exhibited motor deficits as determined by
the pole test and traction test (Figure 1A), as MPTP-intoxicated
mice received significantly fewer scores in behavioral analysis
(Figures 1B,C, MPTP). In contrast, mice in the control and CE-
or Madopar-treated groups showed resistance to MPTP-induced
toxicity, as they scored similarly in the test (Figures 1B,C, MPTP
+ CE or MPTP + Madopar). Thus, CE was able to protect mice
from the toxicity of MPTP. In addition, MPTP induced oxidative
stress in the brain as total antioxidant capacity (T-AOC) and SOD
decreased significantly, corresponding to the increase in the
peroxidation product MDA (Figure 1D, MPTP). However, the
decrease in T-AOC and SOD was alleviated by CE or Madopar
treatment and facilitated the clearance of MDA (Figure 1D), so

that the redox state returned to normal compared to the control.
Taken together, CE attenuates MPTP-induced toxicity as well as
oxidative effects and maintains its physiological function.

CE Prevents the Loss of Dopaminergic
Neurons in MPTP-Induced PD Mouse Model

Loss of dopaminergic neurons in the substantia nigra and
striatum is the most characteristic feature of PD. IHC staining
was performed using an antibody specific for TH to identify
dopaminergic neurons in nigrostriatal sections (Figure 2). In
MPTP-induced PD mice, the signal of dopaminergic neurons was
remarkably reduced (Figure 2A, MPTP), while dopaminergic
neurons were normally aligned in a dovetail shape, which was
observed in both control and CE or Madopar treatment groups
(Figure 2A, MPTP + CE or MPTP + Madopar). Likewise, the
counts of dopaminergic neuron numbers on IHC sections
confirmed the MPTP-induced reduction and CE- or Madopar-
mediated recovery (Figure 2B). Furthermore, protein levels of
TH were determined by Western blotting. As shown in
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FIGURE 2 | CE attenuates MPTP-induced loss of dopaminergic neurons in substantia nigra and striatum. (A) IHC analysis of nigrostriatal TH-positive cells. Scale
bar, 1 mm. L, left; R, right. Statistical differences between groups were calculated by one-way ANOVA and post hoc Dunnett’s test, n = 3. (B) Counts of TH-positive cells.
(C) Western blotting of TH protein. Relative protein levels were measured based on the density of blotted bands and normalized to -actin. One-way ANOVA and post

Figure 2C, TH was significantly reduced by MPTP treatment, but
was rescued by CE- or Madopar-treatments. Therefore, CE was
able to inhibit the loss of dopaminergic neurons induced by
MPTP. In other words, the anti-PD effect of CE was similar to
that of Madopar, a drug used clinically.

CE Attenuates MPTP-Induced Astrocyte
Activation and Inflammation to Protect

Neurons
As shown in Figure 2, MPTP leads to the loss of dopaminergic
neurons, probably through apoptosis. Glial cells are activated when

the damaged cells are processed. It was after injection of MPTP that
we observed activation of astrocytes in the substantia nigra and
striatum, as evidenced by IHC staining using an antibody specific
for GFAP, a marker protein for astrocytes (Figure 3A, MPTP).
However, the activation of astrocytes was attenuated under CE or
Madopar treatment (Figure 3A, MPTP + CE or MPTP +
Madopar). Changes in the number of GFAP-positive cells in the
substantia nigra and striatum also confirmed the results of IHC
staining, as CE or Madopar treatment attenuated the MPTP-
induced increase in GFAP-positive cells (Figure 3B). In
addition, the changes in GFAP-positive cells were replicated by
Western blotting to detect GFAP protein (Figure 3C). In detail, the
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FIGURE 3 | CE attenuates astrocyte activation and protects neurons from MPTP-induced toxicity. (A) IHC staining of GFAP-positive cells in substantia nigra and
striatum. (B) Counts of TH-positive cells, n = 3. (C) Western blotting of GFAP and MAP2 proteins. Relative protein levels were examined according to the density of
blotted bands and normalized to S-actin, n = 4. One-way ANOVA, post hoc Dunnett’s test was performed to verify the significance of differences between groups.

levels of GFAP protein in the substantia nigra and striatum were
significantly increased after MTTP intoxication (Figure 3C,
MPTP). The increase in GFAP protein levels was mitigated
after treatment with CE or Madopar. In addition, the protein
marker MAP2 in neurons showed antagonistic changes compared
to GFAP, but consistent with changes in dopaminergic neurons.
That is, the MPTP-induced decrease in MAP2 protein
corresponded to the loss of dopaminergic neurons, whereas the
recovery of MAP2 corresponded to the maintenance of
dopaminergic neurons (Figure 3C, MAP2). Thus, CE prevents
MPTP-induced nigrostriatal atrophy and maintains cellular
homeostasis in the brain.

Consistent with the changes in astrocytes status, there was a
corresponding response to typical pro-inflammatory factors
(Figure 4). After MPTP-treatment, we observed increased mRNA
and protein levels of TNF-a, IL-1B and IL-6 (Figure 4, MPTP).
Interestingly, IL-10, an anti-inflammatory factor, was down regulated
(Figure 4, MPTP column for IL-10). These results suggest that MPTP
intoxication in the CNS triggers a pro-inflammatory response.
However, under CE or Madopar treatment, increases in pro-
inflammatory factors including TNF-o, IL-1B, and IL-6 were
suppressed, while IL-10 was recovered (Figure 4, MPTP + CE or
MPTP + Madopar). Thus, we conclude that CE attenuates MPTP-
induced inflammation in the substantia nigra and striatum.
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FIGURE 4 | CE restores elevated levels of pro-inflammatory factors. (A) RT-PCR determination of mRNA levels of pro-inflammatory factors in substantia nigra, n =
5. (B) Western blotting analysis of pro-inflammatory factors and anti-inflammatory factor IL-10. (C) Relative protein levels normalized to -actin, n = 4. In A and C, one-
way ANOVA followed by Dunnett’s test were performed.

CE maintains the activity of the BDNF-TrkB and FGF2-Akt
signaling pathways and inhibits apoptosis and autophagy, thereby
attenuating MPTP-induced neurotoxicity.

We have previously shown that the FGF2-PI3K/Akt and
BDNF-TrkB signaling pathways are required for neural
survival and activity (Zhong et al, 2019). Therefore, we
wanted to ask whether BDNF, FGF2 and their downstream
signaling regulators are involved in CE-mediated anti-PD
activity. In MPTP-intoxicated mice, we found significantly
decreased protein levels of BDNF and FGF2 in the substantia
nigra and striatum (Figure 5A, MPTP). Accordingly, the TrkB/
Akt-Bcl-2 signaling pathway regulated by BDNF and FGF2 was
inhibited. In detail, the active forms of TrkB and Akt indicating by
their phosphorylation were reduced. Similar change was observed
for Erk1/2, another kinase that regulates cell proliferation and
apoptosis. In addition, the anti-apoptosis protein Bcl-2 was down
regulated (Figure 5A, Bcl-2). In contrast, the active form of the
apoptotic enzyme Caspase-3 (cleaved Casp-3) was increased
(Figure 5A, cleaved-Casp-3). However, the BDNF-TrkB/Akt-
Bcl-2 and Erk1/2 signaling pathways were restored under CE
or Madopar treatment, as the aforementioned proteins were
restored. In particular, the antagonistic change of Bcl-2/
cleaved-Casp-3 clearly implied the inhibition of apoptosis
(Figure 5A). The above changes were also confirmed by the

relative protein levels calculated from the optical densities of the
blotted bands (Figure 5B). In addition, we examined LC-3 and
Beclinl, two proteins that are indicators of autophagy. We found
that both LC-3 and Beclinl increased after MPTP-intoxication
(Figure 5, LC-3 and Beclinl). In other words, MPTP-induced
atrophy of nigrostriatal neurons and induced the activity of
autophagy, which may be required for the removal of
damaged cells and substances. In contrast, CE or Madopar
attenuated the increase in LC-3 and Beclinl, suggesting a
restoration of cellular homeostasis. From these results, we
found that CE was able to restore the levels of BDNF and
FGF2, reactivate their downstream signaling axes, and inhibit
apoptosis and autophagy. Also, BDNF-TrkB and FGF2-Akt
signaling pathways are essential for CE-mediated anti-PD
function.

CE Alleviates the RIP1-Driven Inflammatory
Pathway in the MPTP-Induced PD Mice
Model

Consistent with the typical inflammation mediated by glial cell
activation and release of pro-inflammatory factors (Figures 3, 4),
we found that the RIP1-driven inflammatory pathway was also
activated after MPTP-intoxication (Figure 6A, MPTP). In detail,
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FIGURE 5 | CE maintains the BDNF-TrkB and FGF2-Akt signaling pathways and inhibits apoptosis and autophagy to attenuate MPTP-induced toxicity. (A)
Western blotting analysis of BDNF, FGF2 and their mediated signaling pathways, as well as marker proteins for apoptosis and autophagy. (B) Relative protein levels were
calculated from the density of blotted bands and normalized to -actin. One-way ANOVA with post hoc Dunnett’s test, n = 4.

RIP1, RIP3 and MLKL along with their phosphorylated forms,
were increased with MPTP treatment, indicating activation.
Correspondingly, TBK1, an endogenous inhibitor of RIP1 was
reduced. Similar to the changes in the BDNF-TrkB/Akt signaling
axis, TBK1 was recovered with the inhibition of RIP1/RIP3/MLKL
by CE or Madopar treatment, and all three proteins were down
regulated (Figure 6A, MPTP + CE or MPTP + Madopar).
Computational and statistical analysis of protein band density
confirmed the observed changes (Figure 6B). Thus, CE is able
to inhibit RIP1-driven inflammatory pathway.

In summary, we explored the anti-PD effects of CE in an MPTP-
induced mouse model (Figure 6C). The BDNF-TrkB and FGF2-Akt
signaling axes are involved in inhibiting apoptosis and maintaining
neuronal survival. After MPTP intoxication, BDNF and FGF2 were
inhibited, while the TrkB/Akt signaling pathway is inactive,
accompanied by apoptosis and RIP1-driven inflammation. In
contrast, under CE treatment, the levels of BDNF and FGF2 and
their regulated signaling pathways were restored, leading to
inhibition of apoptosis and attenuation of inflammation.

DISCUSSION

Genetically or environmentally induced loss of nigrostriatal neurons
in the brain is a major feature of PD pathology and has been
confirmed in studies of MPTP-intoxicated mice (Figures 2, 3).
Maintenance of cellular homeostasis or rescue of neuronal loss

should contribute to the treatment of PD. Currently, the
treatment of PD is focused on controlling symptoms, delaying
the progression of the disease and improving the quality of life of
patients.  Levodopa  (L-3,4-dihydroxyphenylalanine,  called
levodopa), dopamine agonists, monoamine oxidase B inhibitors,
and anticholinergic agents are commonly used to treat PD.
Otherwise, cell transplantation is another approach to treat PD,
where cells are injected into the substantia nigra in the hope of
replacing the dopamine-producing neurons that have been lost
(Chao et al., 2016). However, obtaining suitable transplanted cells
and avoiding side effects are major obstacles that need further
research. Moreover, natural products, especially medicinal plants
used in ethnomedicine, have been accumulated and practiced for
thousands of years, providing a rich resource for drug development,
especially for drugs with good neuromodulatory activity that have
been clinically and ethnically validated. In fact, we have previously
demonstrated the antioxidant, anti-inflammatory, anti-aging and
anti-AD effects of CE in cell-based in vitro and in vivo mouse models
(Pan et al,, 2017; Zhong et al,, 2019; Li et al,, 2021; Li et al,, 2022).
Thus, it is very useful to investigate the anti-PD effects of CE in this
work. With reference to the establishment of experimental PD
models, MPTP is a widely used and reused agent that induces
the loss of dopaminergic neurons through its toxic metabolite MPP+
in the brain (Dauer and Przedborski, 2003). Therefore, we used the
MPTP-induced PD model in mice to assess the anti-PD activity of
CE. To investigate the protective effects of CE on nigrostriatal
neurons, we focused on signaling pathways related to cell survival
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FIGURE 6 | CE inhibits the RIP1-driven inflammatory pathway triggered by MPTP-induced neurotoxicity. (A) Western blot of RIP1-driven inflammatory pathways in
substantia nigra and striatum. (B) Statistical analysis of protein levels based on the blots in (A) and normalized to f-actin. One-way ANOVA wihtc Dunnett’s test, n = 4. (C)
Schematic representation of the anti-PD effects mediated by CE in a mouse model of MPTP-induced PD. In the brain, MPTP impaired the levels of BDNF, FGF2 and its
regulated signaling pathways, as well as the RIP1-driven inflammatory pathway, leading to apoptosis of dopaminergic neurons. However, CE attenuated MPTP-
induced toxicity and abnormalities in the above-mentioned signaling pathways to protect neurons.

and apoptosis, such as PI3K/Akt and Bcl-2/Caspase-3. Prevailing
evidence supports the role of BDNF, FGF2 and its regulated TrkB/
Akt, MAPK and PLC signaling axes in regulating neuronal survival
and maintaining cellular homeostasis (Yoshii and Constantine-
Paton, 2007; Franke, 2008). Consistently, insufficient expression
of BDNF and impairment of the BDNF-TrkB signaling axis are
frequently observed in AD, PD and even chronic stress-induced
depression (Martinowich et al., 2007; Lu et al., 2013; Zhong et al,
2019). At the mechanistic level, the positive feedback loop of BDNF-
TrkB signaling depends on CREB and C/EBPP mediated-
transcription, which is crucial for neuronal survival and synaptic
plasticity (Bambah-Mukku et al.,, 2014; Kowianski et al., 2018).
Indeed, we found in this work that MPTP-intoxication induced a
significant reduction in BDNF, FGF2 and their related signaling axis,
corresponding to the activation of apoptosis-related enzyme such as
cleaved-Casp-3 and the reduction of anti-apoptotic protein Bcl-2
(Figure 5). In light of this, improving the pathological state of BDNF
and the signaling pathways it regulates is a promise strategy for the
pharmacological treatment of CNS diseases.

In addition, the inflammatory pathway is also in focus because it
is a common phenomenon and pathology of the CNS. Glial cells
including microglia and astrocytes are the most abundant cells in the
CNS that respond to insults from intracellular or exogenous sources
and remove damaged cells, plaques and toxic substances, thereby
maintaining cellular homeostasis (Salter and Stevens, 2017). On the
other hand, widespread activation of glial cells adversely affects
neurons by releasing pro-inflammatory factors and free radicals, and
even evokes inflammatory storms that lead to neuronal damage and
cell death. Moreover, the RIP1-driven inflammatory pathway is the

master signal that regulates the decision between promoting survival
and cell death in response to a large number of stimuli. RIP1-
mediated necroptosis is accomplished through the formation of the
RIP1/RIP3/MLKL complex, which is regulated by cascade
phosphorylation. RIP1 activation and necroptosis have been
genetically ~and  mechanistically  linked to  human
neurodegenerative diseases (Mifflin et al, 2020). Indeed, we
found activation of astrocytes and RIP1-driven inflammation
after MPTP-intoxication. Conversely, CE or Madopar could
alleviate the aforementioned inflammation and normalize the
cellular state (Figures 3, 4, 6). Also, predictably, RIP1 inhibitors
may be chemicals of interest for PD treatment by inhibiting RIP1-
mediated inflammation, and the presence of inhibitors of RIP1 in CE
is an interesting question. However, identifying the direct targets or
molecules directly regulated by CE that then exert subsequent anti-
PD activity remains a difficulty. This is mainly due to the fact that CE
has multiple metabolites in the body and the exact molecule that
interacts directly with CE-derived neurons in the CNS remains
unidentified. Nevertheless, CE is effective to protect dopaminergic
neurons from MPTP-induced toxicity and rescued motor deficits in
mice. This also suggests that BDNF, FGF2 and their associated
signaling pathways may be effective targets for drug design and PD
treatment. Since CE has been used since ancient times and some
medical products derived from CE are already available, it is
important to validate the anti-PD effects of CE in PD patients in
further studies. Thus, pharmacological treatment of CE may protect
nigrostriatal neurons from MPTP-mediated toxicity and may pave a
new pathway for BDNF, FGF2 and TrkB/Akt signaling axis as
targets for the treatment of PD.
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The small molecule DAPT inhibits the Notch signaling pathway by blocking y-secretase
mediated Notch cleavage. Given the critical role of the Notch signaling axis in inflammation,
we asked whether DAPT could block Notch-mediated inflammation and thus exert
neuronal protection. We established a mouse model of chronic exposure to cadmium
(Cd)-induced toxicity and treated it with DAPT. DAPT was effective in ameliorating Cd-
induced multi-organ damage and cognitive impairment in mice, as DAPT restored
abnormal performance in the Y-maze, forced swimming and Morris water maze
(MWM) tests. DAPT also reversed Cd-induced neuronal loss and glial cell activation to
normal as observed by immunofluorescence and immunohistochemistry of brain tissue
sections. In addition, Cd-intoxicated mice showed significantly increased levels of the
Notch/HES-1 signaling axis and NF-xB, as well as decreased levels of the inflammatory
inhibitors C/EBPP and COP1. However, DAPT down regulated the elevated Notch/HES-1
signaling axis to normal, eliminating inflammation and thus protecting the nervous system.
Thus, DAPT effectively eliminated the neurotoxicity of Cd, and blocking y-secretase as well
as Notch signaling axis may be a potential target for the development of neuronal
protective drugs.

Keywords: GFAP, y-secretase, HES-1, IBA1, MAP2

INTRODUCTION

Gamma-secretase is a highly conserved membrane-embedded protease with activity in cleaving
the intracellular structural domains of receptors (Lu et al., 2014). In particular, there is a special
interest in y-secretase because of its key role in the pathogenesis of Alzheimer’s disease (AD) and
cancer. The amyloid precursor protein (APP) of AD is cleaved by [B-secretase to a secreted
derivative, SAPP-B, and a 99-residue membrane-bound fragment, CTF-f, which is then cleaved
by y-secretase into CTF-y and even pathogenic f-amyloid (Ap) proteins, such as Ap 40 and AP
42 (Kimberly and Wolfe, 2003; Marlow et al., 2003). In addition, Notch is another important
target of y-secretase (Kopan and Ilagan, 2009). y-secretase exerts proteolytic activity that is
required to liberate the intracellular structural domain of Notch and therefore plays a key role in
the Notch signaling axis. Aberrant cleavage of APP and Notch has been reported to be highly
associate with AD and cancer (Lopez-Nieva et al., 2021; Yang et al., 2021). Thus, it is a potential
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drug-target for the treatment of AD or anti-cancer drugs. y-
secretase inhibitors (GSIs) are thought to inhibit their cleavage
of APP, thereby reducing the production of toxic AP (Dovey
et al, 2001). Moreover, GSIs have been experimentally
demonstrated to have anti-cancer activity in several types of
tumor cells by inhibiting the activity of Notch signaling axis
(Han and Shen, 2012; Peng et al., 2020; Liu et al., 2021).

In previous studies, we reported multi-organ damage and
cognitive dysfunction in mice chronically exposed to
cadmium (Cd) (Fan et al, 2021; Ren et al, 2021).
Increased levels of Cd in the brain, as well as loss of
neurons and activation of glial cells and the resulting
oxidative stress and inflammation were found in Cd-
intoxicated mice, (Wang and Du, 2013; Branca et al., 2019;
Branca et al., 2020). With this in mind, we subsequently
treated mice with Cd to induce cognitive impairment and
demonstrated that antioxidants such as Edaravone were able
to eliminate the toxicity of Cd, thereby protecting organs and
the central nervous system (CNS) from the toxic damages of
Cd (Fan et al., 2021). As Cd-induced neurotoxicity triggers
significant inflammation in the brain, inflammatory signaling
pathways, such as the Notch/HES-1 signaling axis and the
RIP1-driven necroptosis pathways were found to be
significantly activated (Ofengeim and Yuan, 2013; Ren
et al, 2021). In light of this, in the current study, we
considered whether inhibition of the Notch/HES-1
signaling axis could inhibit inflammation in the brain and
thus attenuate Cd-induced neurotoxicity. Among the known
compounds, DAPT (N-[N-(3, 5-difluorophenylacetyl)-1-
propanoyl]-s-phenylglycine butyl ester) is an inhibitor of y-
secretase that indirectly inhibits the activity of the Notch
signaling pathway (Dovey et al.,, 2001). Therefore, we tested
the neuroprotective effect of DAPT to see if it could scavenge
Cd toxicity by inhibiting the Notch/HES-1 signaling axis.

MATERIALS AND METHODS

Animal and Ethical Statement

ICR mice (6-8 weeks) were obtained from Beijing Vital River
Laboratory Animal Technology Co., Ltd., under license No.
SYXK-2017-0005. Mice were housed under a 12 h/12 h light/
dark cycle at a temperature of 22-24°C and 60 + 10% humidity,
with ad libitum access to water and food. The animal study was
reviewed and approved by the Animal Care and Use
Committee of the Minzu University of China.

Drug Treatment

ICR mice were randomly divided into 4 groups (n = 10) including
Control, Cd (5mg/kg of CdCl,), Cd+DAPT (CdCl, 5mg/kg +
DAPT 50 mg/kg), and DAPT (50 mg/kg). CdCl, was injected
subcutaneously every other day for 28days. DAPT was
administered intragastrically once daily for 28 days. In addition,
for the control group, intragastric administration was also performed
with saline. CdCl, (CAS #10108-64-2) was provided by Macklin Inc.
Shanghai, China. DAPT (CAS #208255-80-5) was purchased from
Selleck Chemicals LLC, China.

DAPT Attenuates Cd Toxicity

Behavioral Procedures
The cognitive function of mice was tested of by the MWM test,

as previously described (Ren et al, 2021). Briefly, in the
acquired training, mice were placed in a large circular pool
(110 cm in diameter) filled with opaque water (25°C) and
allowed to escape to a hidden platform submerged 1 cm below
the water surface, the location of which could only be
identified by spatial memory. The training lasted for 6
days, during which the escape latency was shortened due to
learning memory and the direct swimming routes of the mice.
After the end of the training, the platform was removed and
the probe trail was performed. In the above experiments, a
video-image system and behavioral tracking software (WMT-
100S, Chengdu Coman Software Co., Ltd.) was used to record
the residence time of the mice in the target quadrant where the
platform was initially placed, the number of times the mice
crossed the area where the platform was located, and the
trajectory of the mice.

The Y-maze spontaneous alternation experiment was used
to test the willingness of animals to explore new environments
(Kraeuter et al., 2019; Ren et al., 2021). The maze consisted of
three equal Y-shaped arms (30 cm long, 6 cm wide and 15 cm
high) with an angle of 120° between them. Animals were
allowed to explore freely from the top of one arm of the
maze. The animal was considered to have entered the maze
when all four of its limbs were inside the arms. Correct
spontaneous alternation occurred when the entering arm
was different from the first two arms. The order in which
the animal entered each arm over a 10-min period was
recorded. Finally, the total alternation times and the
number of spontaneous alternations were calculated.
Alternations (%) = (number of spontaneous alternations/
number of arm entries-2) x 100.

A forced swimming test (FST) was performed to assess the
depression-like phenotype of the animals (Yan et al., 2010). The
experiment was performed in a transparent plastic cylindrical
water tank (diameter 10 cm, height 38 cm). Water at 25°C was
poured into the tank (height 25 cm), the mice were gently placed
above the water surface and then released for swimming for a 6-
min swim. The first minute was set as an adaption and was not
recorded. The next 5min were recorded by Taimeng FST-100
software. The immobility time of mice within these 5 min was
calculated.

Immunofluorescence

Brain sections were fixed in 4% paraformaldehyde for 15 min
at room temperature, rinsed three times with PBS, incubated
with 0.2% Triton X-100 for 10 min, and then blocked with 10%
goat serum in PBS for 1 h and immuno-labeled with antibodies
specific for microtubule-associated protein 2 (MAP2)
(#17490-1-AP), GFAP (#16825-1-AP) or IBA1 (#10904-1-
AP) overnight at 4°C, and then incubated with Alexa Fluor
488- or 596- conjugated goat anti-rabbit IgG (H+L) (#ZF-
0511, ZSBG-Bio). Nuclei were stained with DAPI (4/, 6-
diamidino-2-phenylindole). Images were taken using a Leica
TCS SP8 confocal microscope.
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FIGURE 1 | DAPT attenuates Cd-induced multi-organic damage and cognitive impairment in ICR mice. (A) Chemical structure of DAPT, a y-secretase inhibitor IX.
(B) Schedule of animal experiments. s.c. god., subcutaneous injection, every other day. i.g. qd., intragastric administration, once daily. (C) DAPT prevented the Cd-
induced body weight loss in mice. (D) DAPT attenuated the Cd-induced elevation of urinary proteins. (E) DAPT rescued the decrease of spontaneous alterations induced
by Cd as tested in the Y-maze. (F) DAPT improved the performance of mice in forced swimming test. (G) Escape latency of ICR mice in the acquired training (with
platform) in the MWM test. (H) Representative occupancy or tract plots of mice in the MWM test. (I) Probe trails in the MWM test showing the residence time and distance
(Continued)

Frontiers in Pharmacology | www.frontiersin.org

64 April 2022 | Volume 13 | Article 902796


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#articles

Yang et al.

DAPT Attenuates Cd Toxicity

FIGURE 1 | moved in the target quadrant, as well as the number of crossing times in the area where the platform was originally placed. (J) Organ indices of liver, kidney
and brain. Cd-induced toxicity caused renal atrophy and hepatic or cerebral edema according to organ/body mass index. (K) H & E staining showing that Cd-induced
tissue damage was ameliorated by DAPT treatment. Scale bar, 400 pm. In this figure, in C, E, F, G and J, one-way ANOVA, post hoc Tukey’s test was performed. In D,
the Mann-Whitney U-test for non-parametric analysis was performed. In H, two-way RM ANOVA, post hoc Tukey’s test was performed. n.s, not significant; “o < 0.05;

**p < 0.01; **p < 0.001; **p < 0.0001 (Cd vs. Control); #p < 0.05 (Cd + DAPT vs. Cd).
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FIGURE 2 | DAPT protects neurons from Cd-induced toxicity. (A) IF staining of neurons in the hippocampal regions CA, DG and in the prefrontal cortex (PFC) using
an antibody specific for MAP2. (B) Western blotting detected the levels of MAP2 and the neuronal synaptic proteins Synaptophysin and PSD95 in the hippocampus. The
intensity of the blotted bands was quantified using ImageJ software and normalized to B-actin. One-way ANOVA with post hoc Tukey’s test was performed. n.s, not
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Western Blotting

Western blotting was performed as previously described (Li et al.,
2021). Briefly, 50 ug of proteins extracted from the hippocampus or
prefrontal cortex was loaded onto SDS-PAGE and separated, then
transferred to a nitrocellulose membrane. After blocking the
nonspecific binding sites with skim milk, proteins were detected
with the following antibodies. Antibodies specific for RBP-Jk
(#14613-1-AP, dilution 1:1,000) were provided by Proteintech, Inc.
NF-«kB p65 (#BD-PT5770, dilution 1:1,000) was provided by
Biodragon. Notchl (#AF5249, dilution 1:1,000), phospho-NF-kB
p65 (Ser536) (#AF5881, dilution 1:1,000) and HES-1 (#AF2167,
dilution 1:1,000) were purchased from Beyotime Biotechnology.

COP1 (#bs-13925R, 1:1,000) antibody was purchased from Bioss
Antibodies. B-actin antibody (13E5) (#4970S, 1:1,000) was purchased
from Cell Signaling Technologies. Western blotting results were
scanned by Odyssey CLx infrared fluorescence imaging system
(LI-COR Biosciences). The relative expression levels of proteins
were normalized according to their optical density and quantified
in Image] software.

H & E Staining

In brief, after de-paraffinization and rehydration, sections
were stained with Harris modified hematoxylin solution for
5 min, followed by 5 immersions in 0.5% acidic ethanol (0.5%

Frontiers in Pharmacology | www.frontiersin.org

65

April 2022 | Volume 13 | Article 902796


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#articles

Yang et al. DAPT Attenuates Cd Toxicity

A Control Cd Cd+DAPT DAPT

W

A

A 4
S ?“Q’\

(\\\ X

P F K
o0 [ e ] Grp
o[ e e ] ptn

GFAP+ cells
IBA1+ cells
(x10%mm?)

Relative
protein levels
Relative

FIGURE 3 | Representative IF images of GFAP and IBA1. (A) DAPT antagonized the activation of microglia and astrocytes induced by Cd-toxicity, as shown by IF
staining of GFAP and IBA1 using specific antibodies, respectively. (B) GFAP+ or IBA1+ cells were manually counted in images of (A). (C) Western blots analysis the
protein levels of GFAP and IBA1. In B-C, one-way ANOVA and post hoc Tukey’s test was performed. n.s, not significant; *, p < 0.05; **, p < 0.01; **, p < 0.001.

HCl in 70% ethanol), following by rinsing with distilled water, =~ GraphPad Prism software to determine statistical
staining with eosin solution for 1 min, and then gradual  significance between groups and were plotted, as well as
dehydration in alcohol and in xylene for 30 s. The mounted  illustrated in the figure legends. The Mann Whitney’s test
slides were examined using an upright microscope (BX53,  was performed for non-parametric analysis.

Olympus, Japan).

Immunohistochemical Staining RESULTS
THC staining of brain sections was performed for histological analysis .
by Wuhan Servicebio Technology Co. Ltd. Briefly, brain tissue was DAPT Attenuates Cd-Induced Multi-Organ
dissected from the prefrontal cortex and hippocampus, and parafin ~~ Damage and Cognitive Impairment in Mice
embedded, sectioned, antigens retrieved, and finally immunostained =~ We first established a chronic Cd-exposured ICR mouse model
with antibodies. Antibodies specific for GFAP (#16825-1-AP), IBA1 by administering 5 mg/kg of CdCl, every other day for 4 weeks.
(#10904-1-AP) and TNF-a (#bsm-33207M) were provided by Accordingly, a DAPT treatment group (Cd+DAPT) and a
Proteintech Inc. or Bioss, respectively, to indicate neurons,  separate DAPT group were set up (Figures 1A,B). During
astrocytes, microglia and inflammation. Results were examined and  the experiment, body weight and urine protein were measured
processed with Image Pro Plus 6.0 software (Media Cybernetics, Inc.).  to track the damage of Cd on the organs of the mice (Figures
1C,D). After drug treatment, behavioral tests were performed
Data and Statistics on the mice, including the MWM test, Y maze and forced
All data are expressed as mean * s.e.m. Analysis of variance ~ swimming test. The results showed that the body weight of
(ANOVA) and Tukey’s multiple tests were performed by  mice changed significantly after 4 weeks of Cd treatment, i.e.
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FIGURE 4 | IHC staining of GFAP and IBA1 in the prefrontal cortex (PFC) and hippocampal regions CA1 and DG. (A,B) Representative IHC images showing Cd-
induced activation of astrocytes and microglia, such as an increase in the number of GFAP+ and IBA1+ cells, but this can be restored by DAPT treatment. GFAP+ and
IBA+ cells was manually counted and divided by the corresponding area. One-way ANOVA with post hoc Tukey’s test was performed. n.s, not significant; *p < 0.05;

the body weight of Cd-treated mice was significantly lower on
day 28 than on day 1 (Figure 1C, Cd, p < 0.001), whereas the
body weight of control mice increased naturally with the
increase in weeks of age. Mice treated with DAPT recovered
their body weight compared to the Cd group, and their
difference was significantly reduced compared with day 1
(Figure 1C, Cd + DAPT, p < 0.05). Correspondingly,
urinary protein increased in mice treated with Cd, with a
significant difference compared to the control group
(Figure 1D, p < 0.0001), while urinary protein decreased in
mice treated with DAPT, with a difference compared to the Cd
group (Figure 1D, p < 0.05), while there was no change in mice
treated with DAPT alone (Figure 1D, n.s).

As confirmed by the Y-maze test, the environmental
exploration and memory abilities of Cd-poisoned mice were
significantly reduced, whereas the performance of mice in the
DAPT-treated group recovered significantly, and their
environmental exploration abilities were similar to those of
the control group (Figure 1E). Correspondingly, in the forced
swimming experiment, the resting time was significantly
increased in the Cd-intoxicated mice (Figure 1F, p <
0.0001), while in the DAPT-treated mice, the resting time

was shortened and did not differ from the control group
(Figure 1F, Cd+DAPT, not significant). In the MWM
experiment, after 6 days of training, mice took significantly
less time to find the platform and showed learning memory
(Figure 1G, control). Then, Cd-treated mice then took
significantly longer to find the platform than the control
group, and the improvement was not significant as the
number of training days increased (Figure 1G, Cd). In
contrast, mice in the DAPT-treated group showed a
significant improvement in learning and memory,
i.e., regained the ability to find the underwater platform
similar to control mice (Figure 1G, Cd+DAPT). In this
experiment, there was no difference in the swimming speed
of the mice in the water maze. Corresponding to these results,
the swimming path of mice recorded by thermal infrared
imaging also reflected changes in their learning and
memory ability (Figure 1H). On this basis, at day 7 of the
experiment, the platform was removed and the mice were
allowed to perform a 1-min swimming test (probe trail). We
found that mice in the control and DAPT-treated groups had
more residence time, more times crossing the platform
position and more swimming distance in the area where the
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FIGURE 5 | IF co-staining of TREMZ2 or CD68 with IBA1 in brain tissue sections. (A) Cd toxicity activated microglia, as evidenced by increased levels of TREM2 and
CD68. DAPT attenuated Cd toxicity and microglia activation, and restored the CD68 upregulation. (B) Schematic diagram showing DAPT-mediated attenuation of Cd
toxicity and restoration of homeostasis in the neuronal system.

platform was originally placed compared to the Cd-treated  1H,I). Consistently, organic indices (organ/body weight) also
group, i.e. the mice showed the ability to remember the  showed that damage caused by Cd exposure resulted in kidney
location of the underwater platform. In contrast, Cd- atrophy, while the liver and brain showed enlargement or
intoxicated mice had a significant impaired ability to do so  hyperplasia (Figure 1J). H&E staining also confirmed that
and showed no sense of purpose while swimming (Figures  Cd exposure caused significant damage to the kidney, liver,
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FIGURE 6 | DAPT restores the Notch/HES-1 signaling axis to mitigate Cd-induced toxicity in mice. (A) Western blots of proteins in the Notch/HES-1 signaling axis.
(B) Relative protein levels in (A). One-way ANOVA with post hoc Tukey’s test was performed. *p < 0.05; **p < 0.01 or ***p < 0.001.

small intestine and testes, while the damage in mice treated
with DAPT was effectively repaired (Figure 1K).

DAPT Facilitates the Clearance of Cd and

Avoids the Loss of Neurons in the Brain

Brain tissue was surgically isolated from mice after animal
experiments, sectioned and immunofluorescence stained with
MAP2 antibody to identify neurons. The results showed that a
significant reduction of neurons in the brains of Cd-intoxicated
mice, such as in the CAl and DG regions of the hippocampus,
and in the prefrontal cortex (PFC) region (Figure 2A, Cd). After
DAPT treatment, the number of neurons in these regions was
restored. Correspondingly, MAP2 and synaptic-associated
proteins such as Synaptophysin and PSD95 were reduced due
to Cd toxicity but were restored after DAPT treatment
(Figure 2B). Quantitative optical density analysis of the
protein bands in the Western blot results also confirmed these
changes. These results suggest that the clearance of Cd toxicity
and recovery of neurons by DAPT treatment are consistent with
the results of behavioral experiments previously observed in mice.

DAPT Inhibits Cd Toxicity-Induced Glial Cell

Activation

In the brains of Cd-intoxicated mice, we found increased
GFAP+ and IBA1l+ cells by staining for the characteristic
proteins in microglia and astrocytes (Figure 3A, Cd),
indicating that the glial cells were activated in the brains of
chronically Cd-exposed mice. In contrast, the number of
GFAP+ and IBAl+ cells was significantly lower in the
brains of mice in the DAPT treated group (Cd+DAPT) and
the DAPT alone treated group (Figure 3A). Statistically, there
was a significant difference in the number of GFAP+ and
IBA1+ cells between the above experimental groups
(Figure 3B). In addition, protein assays of GFAP and IBAl
showed that the expression of GFAP and IBAI increased in
Cd-intoxicated mice, while the levels of these two proteins

returned to normal after DAPT treatment (Figure 3C,
Cd+DAPT).

In addition, brain sections from the hippocampus and
prefrontal cortex (PFC) were used for IHC staining to label
GFAP+ and IBAl+ cells. Very similar to the results of IF
(Figure 3), we found that a significant increase in the number
of GFAP+ and IBA1+ cells in Cd-intoxicated mice, and DAPT
was able to eliminate this change and restore glial cells to a
normal state (Figure 4). In addition, microglia can be activated by
stress and the need to clear damaged cells, as indicated by elevated
expression of triggering receptor expressed on myeloid cells 2
(TREM2) and macrosialin (CD68), suggesting their enhanced
phagocytic capacity. TREM?2 is a receptor for AP42 or damaged
cells that mediate their uptake and degradation by microglia (Yeh
et al,, 2016; Zhao et al., 2018), while CD68 is a marker protein
indicative of microglia phagocytic activity (Wong et al., 2005;
Chistiakov et al,, 2017). In view of this, immunofluorescence
observations on microglia showed a significant increase in the
expression of TREM2 and CD68, which was associated with
microglia phagocytosis in response to Cd toxicity, possibly
enhance cellular clearance of Cd (Figure 5). In contrast, after
DAPT treatment, the levels of TREM2 and CD68 were down-
regulated and returned to normal (Figure 5, Cd+DAPT). The
above results consistently suggest that DAPT can effectively
inhibit Cd-induced glial cell activation and eliminate neuronal
inflammation.

DAPT Inhibits the Notch/HES-1 Signaling

Axis to Eliminate the Toxicity of Cd

We examined the expression of Notch/HES-1 signaling pathway
and its related proteins such as NF-kB. The results showed that
the activity of Notch/HES-1 signaling axis was significantly
enhanced in Cd-poisoned mice, ie. Notchl, RBP-Jk, HES-1
and NF-kB were significantly increased, while its negative
regulators such as constitutive photomorphogenesis protein 1
homolog (COP1) and CCAAT/enhancer-binding protein beta
(C/EBPp) were significantly decreased (Figure 6). This suggests
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that the activity of the Notch/HES-1 signaling axis is significantly
enhanced in Cd-intoxicated mice. In contrast, Notch/HES-1
signaling axis activity was significantly down-regulated in the
DAPT-treated mice (Figure 6, Cd+DAPT), i.e., the levels of
Notchl, RBP-Jk, HES-1, NF-kB and other proteins were
significantly reduced and returned to normal (compared with
controls). At the same time, the protein levels of COP1 and
C/EBPB were restored (Figure 6, Cd+DAPT). These results
suggest that DAPT, as an inhibitor of y-secretase, significantly
inhibits the activity of the Notch/HES-1 signaling axis, thereby
protecting the nervous system.

DISCUSSION

In the present study, we established a mouse model of chronic Cd
exposure and confirmed Cd-induced multi-organ toxicity and
neurotoxicity. DAPT, an inhibitor of y-secretase, was successfully
used to eliminate Cd toxicity in the mouse model and its
effectiveness against Cd toxicity was confirmed in biochemical,
histological and animal behavioral experiments. In addition, we
found that Cd induced an increase in the number of glial cells and
the activation of the Notch/HES-1 signaling axis in the mouse brain.
The expression levels of the Notch/HES-1 signaling axis and related
factors were also ameliorated. These results indicate that DAPT can
effectively  alleviate Cd-induced neurotoxicity and exert
neuroprotective activity.

Under normal conditions, Cd barely enters the brain and directly
harms the CNS due to the presence of blood-brain barrier (BBB)
(Wang and Du, 2013). However, Cd can still reach the basement
membrane cells of the BBB through the blood circulation (Branca
et al,, 2020). Chronic exposure to Cd can damage these cells that
make up the BBB, thereby disrupting the integrity of the BBB and
allowing Cd to enter the CNS (Branca et al., 2019). Death receptor-
mediated signaling pathways, such as those driven by RIP1, lead to
neuronal death (Xu et al,, 2018). Loss of neurons in brain regions
associated with functions such as learning and memory will produce
significant cognitive deficits, hence the significant cognitive
impairment and other functional deficits observed in our previous
studies in mice chronically exposed to Cd (Fan et al, 2021).
Fortunately, clinically applied antioxidants such as Edaravone, as
well as the natural product ginsenoside Rg1 are effective in alleviating
these Cd-induced symptoms (Ren et al., 2021). Accordingly, we also
observed a restoration of antioxidant capacity in the blood and brain,
a reduction in inflammation and neuronal recovery. These results are
very similar to the effects of DAPT in the current study, although the
direct antioxidant and anti-inflammatory effects of DAPT have not
been demonstrated, it did inhibit the Notch/HES-1-mediated
inflammatory pathway (Figure 6) and we did observe tissue and
organ damage, such as in the liver in Cd-intoxicated mouse model. In
particular, in the CNS, we observed neuronal recovery and reduced
inflammation in mice, resulting in improved cognitive function
(Figures 1, 2). The above evidence suggests that we can use
DAPT in mouse models in an attempt to counteract the toxicity
of Cd or protect the organism from its deletrious effects. Furthermore,
the effectiveness of DAPT in eliminating Cd toxicity suggests that

DAPT Attenuates Cd Toxicity

suppressing excessive inflammation in the CNS and restoring
neuronal activity is an effective neuroprotective strategy.

It is worthwhile to explore in depth how DAPT exerts its role in
eliminating Cd toxicity. The first step may be to reduce the uptake of
Cd by the CNS. DAPT has been reported to modulate the
permeability of the BBB, affecting the movement of substances
into and out of the CNS (Zhang et al.,, 2013), so it is of interest
whether DAPT could reduce the influx of Cd into the brain via this
pathway (Sun et al,, 2019). Furthermore, by inhibiting the Notch/
HES-1 signaling pathway, DAPT attenuates the inflammatory
response in the CNS, which is important for reducing
pathological inflammation-induced neuronal loss and may even
modulate microglia functions, such as inhibiting their excessive
inflammation and release of inflammatory factors, enhancing
their phagocytosis, and facilitating the clearance of Cd and other
harmful substances in the CNS. Because microglia have been shown
to act as scavengers in the CNS, they are able to act as phagocytes to
clear toxins or eliminate damaged cell bodies under the right
conditions. However, the above possible mechanism remains a
hypothesis to be tested in depth in subsequent experiments.
Nevertheless, the neuroprotective effects of DAPT that we
demonstrated in this study may have implications for the design
and development of novel neuroprotective compounds or for the
prevention and treatment of clinical disorders of the CNS.

In conclusion, DAPT attenuates Cd-induced multi-organ
damage and cognitive dysfunction in mice and avoided the
loss of neurons in the brain. And the above effects of DAPT
are likely to be achieved by inhibiting Cd toxicity-induced glial
cell activation and Notch/HES-1 signaling axis.
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Stroke is one of the leading causes of mortality, and survivors experience serious
neurological and motor behavioral deficiencies. Following a cerebral ischemic event,
substantial alterations in both cellular and molecular activities occur because of
ischemia/reperfusion injury. Wnt signaling is an evolutionarily conserved signaling
pathway that has been manifested to play a key role in embryo development and
function maintenance in adults. Overactivation of Wnt signaling has previously been
investigated in cancer-based research studies. Recently, abnormal Wnt signaling
activity has been observed in ischemic stroke, which is accompanied by massive
blood-brain barrier (BBB) disruption, neuronal apoptosis, and neuroinflammation within
the central nervous system (CNS). Significant therapeutic effects were observed after
reactivating the adynamic signaling activity of canonical Wnt signaling in different cell types.
To better understand the therapeutic potential of Wnt as a novel target for stroke, we
reviewed the role of Wnt signaling in the pathogenesis of stroke in different cell types,
including endothelial cells, neurons, oligodendrocytes, and microglia. A comprehensive
understanding of Wnt signaling among different cells may help to evaluate its potential
value for the development of novel therapeutic strategies based on Wnt activation that can
ameliorate complications and improve functional rehabilitation after ischemic stroke.

Keywords: ischemic stroke, ischemia/reperfusion injury, Wnt signaling, neuroprotection, blood-brain barrier

INTRODUCTION

Stroke is the leading cause of disability and mortality worldwide and is classified as ischemic or
hemorrhagic. Ischemic stroke accounts for 87% of all stroke incidences and is defined as the
interruption of blood flow to the brain due to blockage of the cerebral artery, causing severe damage
to focal brain tissue (Collaborators, 2019). Patients who survive the initial ischemic attack often suffer
from associated complications, such as hemiparesis, cognitive deficits, and dependency in daily
activities, the rehabilitation of which has always been a challenging issue (Richards et al., 2015).
According to an estimation put forth by the American Heart Association/American Stroke
Association, the total economic cost to the society for stroke is likely to rise up to $184.1 billion
for the year of 2030 (Collaborators, 2019).
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Vascular recanalization remains the primary therapeutic
option (Powers et al, 2019). To date, thrombolytic therapy
with  intravenous recombinant tissue-type plasminogen
activator (rtPA) is recommended within the first 3-4.5h.
Thrombolysis beyond the time window has a certain
recanalization ability, but the main side effects of intracerebral
hemorrhage increase concomitantly (Emberson et al., 2014). As
for embolization of larger vessels (anterior circulatory arterial
occlusion), which accounts for one-fourth of all ischemic strokes,
intravenous thrombolysis has a low recanalization rate of about
13-20% (Ma et al., 2019). Therefore, rtPA thrombolysis paired
with mechanical thrombectomy has become the first line therapy
for large vessel occlusion. According to the American Heart
Association, mechanical thrombectomy is prescribed in cases
where indications of middle cerebral artery embolism or
internal carotid artery embolism are evident within 6h of
symptom onset (Alawieh et al, 2017). More recently,
screening by imaging methods has shown that patients with
penumbra can also benefit from mechanical thrombectomy
16-24h after the onset of symptoms (Albers et al, 2018).
Additionally, to achieve recanalization as soon as possible,
there are studies on mechanical thrombectomy that skip
intravenous thrombolysis (DIRECT-MT, DEVT) and show
non-inferiority (Yang et al, 2020). In addition to vascular
recanalization therapy, the treatment of acute ischemic stroke
includes antiplatelet and anticoagulant therapies, improvement of
microcirculation, lipid control, and neuroprotection (Phipps and
Cronin, 2020).

The above studies suggest that the ischemic penumbra still has
great therapeutic potential for neuroprotection. The Wnt
pathway is part of an evolutionarily conserved intracellular
signal transduction cascade that regulates multiple processes
crucial for cell proliferation, differentiation, migration, and fate
decision during development (Schulte and Bryja, 2017; Eubelen
et al, 2018). Recently, several studies have reported the
mechanism by which Wnt/B-catenin signaling is regulated in
the adult brain and serves as an endogenous protective
mechanism against the central nervous system (CNS) diseases
(Schulte and Bryja, 2017; Menet et al., 2020; Cheng et al., 2022). In
this review, we discuss the recent research updates on the
regulatory mechanism of the classical Wnt (Wnt/p-catenin)
signaling pathway and summarize the biological functions of
the cells (endothelial cells, neurons, oligodendrocytes, microglia,
and astrocytes) affected by stroke pathology. Furthermore,
various therapeutic studies targeting the Wnt/B-catenin
signaling pathway have been conducted. This review provides
insights into the potential and the value of the Wnt/f-catenin
signaling pathway as a therapeutic target for ischemic stroke.

ACUTE PATHOLOGY IN POST-ISCHEMIC
STROKE

Several studies suggest that a series of biochemical reactions occur
within a few minutes after ischemia/reperfusion, causing strong
oxidative stress and excitotoxic damage to the brain tissue
(Chamorro et al.,, 2016). Meanwhile, circulating immune cells

Wnt Signaling in Ischemic Stroke

(mostly neutrophils) rapidly adhere to the endovascular cortex of
the ischemic region and infiltrate the brain parenchyma by
releasing proteolytic enzymes and matrix metalloproteinases
(MMPs) to affect the integrity of the blood-brain barrier
(BBB) (Wang et al., 2021a). The innate immune mechanism of
neutrophils can also release large amounts of reactive oxygen
species (ROS) through respiratory burst which may damage
vascular endothelial cells (Wang et al., 2021a). Days after the
primary stroke and transient ischemic attack, more circulating
immune cells (monocytes/macrophages and T lymphocytes)
enter the brain parenchyma, and along with local microglia,
release a large number of inflammatory factors, such as tumor
necrosis factor a (TNF-a), interleukin 1-f (IL-1p), and
interleukin 6 (IL-6), which cause serious inflammatory damage
to the glia and neurons, ultimately leading to neuronal apoptosis
and necrosis (Wang et al., 2021b; Qiu et al., 2021). Large amounts
of dead cell debris form damage-associated molecular patterns
(DAMPs), which further activate the immune response and cause
damage to the brain tissue (Figure 1).

PROGRESS IN DRUG DEVELOPMENT
TOWARD ISCHEMIC STROKE

Owing to the complexity of the physiological and pathological
mechanisms of the human brain, drug development to ameliorate
ischemic stroke is acknowledged as a very challenging task.
Thousands of lead compounds that show promising
therapeutic effects in preclinical trials rarely show sufficient
efficacy during the trial phases (O’Collins et al, 2006). In
2020, a combination of Edaravone and Dexcamphenol
(Xianbixin) showed promising results for the treatment of
acute ischemic stroke in clinical trials. Innovation of the
therapeutic strategy relies on powerful dual targets against free
radicals and inflammation. The only new drug approved for
stroke over the past 5 years, Xianbixin, which blocks cascading
damage in the brain tissue during ischemia/reperfusion injury,
provides new insights into the development of drugs for ischemic
stroke. Therefore, signaling pathways that exist in a variety of
brain cells and exert their corresponding protective effects will be
more suitable as drug targets for treatment of stroke.

THE INTRACELLULAR TRAFFICKING OF
WNT SIGNALING

Previous studies in drug development have shown that a single
protective mechanism cannot completely block the cascading
damage after ischemic stroke; therefore, it is difficult to achieve
adequate therapeutic effects (Moskowitz et al., 2010; Zhou et al,,
2018). The treatment for stroke requires multiple protective
mechanisms. In recent years, the Wnt signaling pathway has
been shown to play an important regulatory role in maintaining
cerebrovascular and neural cell functions (Menet et al., 2020).
The Wnt signaling pathway is widely found in invertebrates and
vertebrates and is a highly evolutionarily conserved signaling
pathway. It plays a crucial role in the early development of
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FIGURE 1 | Cellular mechanisms of cerebral ischemia/reperfusion injury. After stroke, dying cells from ischemic brain tissue begin to produce damage-related
molecular patterns (DAMPs), which induced circulating neutrophils to infiltrate into ischemic brain parenchyma. Neutrophils released matrix metalloproteinases (MMPs),
reactive oxygen species (ROS) and pro-inflammatory factors, accelerate their infiltration and damage the vascular endothelial cells and extracellular basal membrane,
which induced brain edema and even hemorrhagic transformation. A large number of inflammatory factors and ROS can also stimulate the overactivation of
microglia, which further aggravates neuronal damage caused by neuroinflammation and leads to neuronal death.

embryos, organogenesis, and maintenance of normal
physiological functions in adults (Schulte and Bryja, 2017; Jean
LeBlanc et al., 2019; Routledge and Scholpp, 2019).

Whnt signaling is a complex regulatory network consisting of
two branches: canonical and non-canonical pathways (Eubelen
et al., 2018; Routledge and Scholpp, 2019). The canonical Wnt
signaling pathway, also known as the Wnt/p-catenin signaling
pathway, begins with the binding of the ligand of Wnt protein
with the receptors of Frizzled (FZD) and low-density lipoprotein
receptor-related proteins 5 and 6 (LRP5/6), which activates a
series of complex biochemical reactions and blocks the
cytoplasmic B-catenin degradation pathway, thereby enabling
B-catenin accumulation in the cytoplasm. After accumulation
in the nucleus, B-catenin assembles with T cytokines (TCF/LEF)
to form a transcription complex, which ultimately regulates the
expression of target genes (Routledge and Scholpp, 2019).

Wnt proteins were discovered 30 years ago, with 19 Wnt
proteins clustered into 12 subfamilies and distributed in
tissues and organs across the body (Clevers and Nusse, 2012).
It is noteworthy that in addition to Wnt proteins, the activity of
the Wnt/[-catenin signaling pathway is also regulated by a variety
of extracellular signaling molecules, such as Dickkopf proteins
(DKK1-4; competitively inhibits Wnt proteins by binding to
LRP5/6) and secreted Frizzled-related proteins (sFRPs; inhibits
Wnht signaling by directly binding to Wnt protein) (Wang et al.,
2000; Zorn, 2001). Seib et al. found that the expression of Dkk1
gene in mouse neural stem cells in the sub granular zone

increased with age and inhibited Wnt signaling activity, while
neural stem cell-specific Dkk1 knockout significantly increased
Wht signaling activity and adult neurogenesis in aged mice (Seib
et al,, 2013). Similarly, Zhu et al. found that the expression of
Dkk3 in neural stem cells in the subventricular zone was
upregulated with age, and neurogenesis and olfactory function
were downregulated in aged mice (Zhu et al., 2014). In another
study, it was found that sFRP3 is highly expressed in the dentate
gyrus and inhibits the proliferation of neural stem cells in the sub
granular zone (Jang et al, 2013). Cho et al. showed that the
knockdown of sFRP3 in the dentate gyrus significantly improved
adult neurogenesis in a mouse model of premature aging induced
by the mitotic checkpoint kinase BubRI1 gene mutation (Cho
et al,, 2019). The extracellular and intracellular Wnt/p-catenin
signaling pathways are shown in Figure 2.

IMPLICATIONS OF WNT/B-CATENIN
SIGNALING PATHWAY WITHIN NEURAL
VASCULAR UNIT DURING ISCHEMIC
STROKE

The CNS, including the brain and spinal cord, is characterized by
a highly active metabolism and high sensitivity to extraneous
substances. To maintain normal function and the
microenvironment, blood vessels within the CNS have special
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functions that other tissue vessels do not. A notable function is
maintaining the blood-brain barrier (BBB) (Liebner et al., 2008;
Jean LeBlanc et al., 2019). The BBB, which mainly exists in small
arteries, capillaries, and veins, blocks circulating cells and
molecules from the brain parenchyma and discharges
metabolites or exotic substances to maintain the low
permeability of the cerebrovascular system. Structurally, the
BBB mainly refers to the layer of cerebrovascular endothelial
cells in direct contact with blood, which in turn closely combines
with perivascular cells, extracellular matrix membranes,
astrocytes, and a small number of neurons. In the NVU, these
cells and noncellular matrix components interact with
endothelial cells, which play an important role in supporting
and regulating BBB functions (Schaeffer and Iadecola, 2021).
The Wnt/B-catenin signaling pathway plays a critical
regulatory role in regulating cerebrovascular development and
BBB formation during embryonic development. This is
determined by the following three aspects: 1) deficiency of the
endothelial Wnt/p-catenin signaling pathway affects the
development of cerebrovascular and BBB, but does not affect
the development and function of other organs and tissues
(Stenman et al., 2008; Daneman et al., 2009); 2) knockout of
Wnt7a/7b (which shows the highest expression in the brain
tissue) or receptor Fzd4,2,7, LRP5/6, receptor activator GPR124
in endothelial cells, or Ctnnbl (B-catenin) can lead to abnormal
cerebrovascular development and BBB function (Cullen et al.,
2011; Wang et al., 2012; Zhou et al., 2014); and 3) upregulation of
the Wnt signaling activity significantly upregulates the expression

of BBB-function-related genes in cultured endothelial cells
(Liebner et al., 2008).

In recent years, many studies have shown that the activity of
the Wnt/B-catenin signaling pathway in ischemic brain tissue is
significantly decreased in animal models of cerebral ischemia-
reperfusion. Clinically, some genetic variants of Lrp6 may be
correlated with the risk of ischemic stroke (Calvier et al., 2022).
Additionally, the levels of plasma DKK1 have been reported to be
higher in patients with acute ischemic stroke than in healthy
individuals (He et al., 2016; Zhu et al., 2019; Stavrinou et al,,
2021). Systematic investigation of all types of cells in the brain
affected by the downregulation of Wnt signaling is still lacking.
However, studies have shown that in cerebrovascular endothelial
cells, neurons, pericytes, astrocytes, microglia, and
oligodendrocytes, Wnt signaling not only regulates their
survival and proliferation but also affects their unique
biological functions.

Cerebrovascular Endothelial Cells

As the first barrier for peripheral tissue and blood components to
enter the brain parenchyma, cerebrovascular endothelial cells are
the core components of the BBB and have a series of special
structural and molecular characteristics that determine the high
selective permeability of the BBB. High expression of intercellular
tight junction proteins is one of the main characteristics of
cerebrovascular endothelial cells. Claudin-5, occludin, and
scaffold protein ZO-1/2 are responsible for anchoring the
former two proteins to the cytoskeleton (Zhao et al, 2015). A
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study has shown that the liposolator-induced lipoprotein receptor
LSR (angulin-1) is specifically overexpressed in the BBB and acts
as a tight junction protein between the three cells to enhance BBB
function (Sohet et al., 2015).

Appropriately active Wnt signaling is essential for maintaining
the BBB, both structurally and functionally. A variety of co-
receptors on the surface of endothelial cells can affect signal
transduction through interaction with Wnt receptors. For
instance, Reck, a GPI-anchored membrane protein, and
Gprl24, an orphan G-protein-coupled receptor, have been
implicated in Wnt7a/Wnt7b mediated canonical Wnt signaling
in the CNS vascular development and functional maintenance.
Cho et al. showed that cerebral vascular endothelial cell-specific
knockout of Reck impairs CNS angiogenesis and BBB integrity
(Cho et al,, 2017). Another study showed that the disruption of
BBB integrity under acute brain ischemia/reperfusion (I/R) was
significantly weakened in mice with conditional knockout of
endothelial Gpr124, a Wnt7-specific coactivator of Wnt/p-
catenin signaling, which could be rescued by genetic activation
of endothelial p-catenin (Chang et al., 2017). A follow-up study
showed that the variants of Gpri24 and Wnt7a are associated
with an increased risk of hemorrhagic transformation in patients
with acute ischemic stroke after intravenous thrombolysis (Ta
et al., 2021). Mechanistically, Reck binds with low micromolar
affinity to the intrinsically disordered linker region of Wnt7. This
process is manifested as the interaction between Gprl124 and
Dishevelled, which aggregated Gpr124 with Reck-Wnt7 into
Wnt/Frizzled/Lrp5/6 complex, resulting in increased local
availability of Wnt7 for downstream signaling (Eubelen et al.,
2018). Most recently, an engineered Wnt7a mutant lacking the
C-terminal domain and an embedded Frizzled-contact site could
retain partial but selective activity on the Gprl124/Reck-
containing receptor complexes of endothelial cells. From a
therapeutic standpoint, this artificial Wnt protein can
specifically target Gprl124/Reck to repair the BBB in rodent
ischemic stroke and glioblastoma models (Martin et al., 2022).
The above studies define a modality to repair the BBB by
reactivating the endothelial Wnt/B-catenin signaling, which,
therefore, may have potential therapeutic value in other CNS
diseases, such as multiple sclerosis, epilepsy, and Alzheimer’s
disease.

The endothelial tight junctions and extracellular basal
membrane ensure low passive transportation between blood
and brain parenchyma. Apart from this, the profoundly low
rate of transcytosis is also an important property of BBB.
Although Wnt signaling has not been shown to influence
transcytosis in BBB, in blood-retinal barrier (BRB), Wnt
signaling directly regulate the transcription of an endothelium-
specific transcytosis inhibitor called major facilitator superfamily
domain-containing protein 2a (MFSD2A), in a Wnt/p-catenin-
dependent manner. Mice lacking either the Lrp5 or the Wnt
ligand Norrin exhibit increased retinal vascular leakage and
enhanced endothelial transcytosis (Wang et al, 2020).
Therefore, it can further be suggested that the Wnt/p-catenin
signaling pathway possibly influences the CNS endothelium
integrity by affecting the transcytosis mechanism as well
(Wang et al,, 2020; Yemanyi et al,, 2021).
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Neuron
Whnt signaling pathway has been well-established to play a

critical role in neural development, axonal outgrowth,
synaptogenesis, fate decision, and survival (Lie et al., 2005;
Kuwabara et al., 2009; Alves dos Santos and Smidt, 2011).
Dysregulation of Wnt/B-catenin signaling has also been
observed in many distinct pathologies, including hepatic
fibrosis, tumor growth, and ischemic stroke (Mastroiacovo
et al., 2009; Okamoto et al., 2011; Clevers and Nusse, 2012).
However, whether Wnt/B-catenin signaling plays a role in the
functional maintenance of mature neurons and changes under
pathological conditions such as neuronal injury have not been
thoroughly examined. It has been reported that sustained
overexpression of Wnt by lentivirus ameliorates deficient
motor behavior, and increases neuronal survival by
promoting axon regeneration and inhibiting astrocytic scar
formation in a spinal cord injury model (Suh et al., 2011). As
for ischemic stroke, intranasal administration of Wnt-3a
protein has been found to reduce cerebral infarction and
neuronal apoptosis, which may be mediated through the
dephosphorylation of GSK-3B, which in turn increases
nuclear B-catenin and relieves overactive caspase-3 through
Foxml after ischemia/reperfusion injury (Wei et al., 2017;
Matei et al., 2018). Interestingly, the dephosphorylation of
GSK-3B has been shown to influence the expression of
apoptotic/cell ~ death-related and survival/neurotrophic
genes, which may contribute to the pro-neuronal survival
effects of Wnt/fB-catenin signaling (Tang et al., 2010).

Although Wnt3a protein-mediated Wnt/p-catenin signaling
activation showed a decent neuronal effect, due to its
hydrophobicity, Wnt3a can barely exert any biological
function through systematic administration without a
cosolvent, such as detergents (e.g., CHAPS) or solubilizers
(e.g, MBCD), which makes it almost impossible to conduct
clinical studies. Therefore, genetic engineering-based Wnt
surrogates may be a promising strategy for the development of
BBB protective drugs in the future.

Oligodendrocytes
The white matter consists of axons, oligodendrocytes, and
astrocytes, which are the most common injury sites for
ischemic stroke (Qian et al, 2016). Neuronal axons are
wrapped in myelin sheets, which are critical for the accuracy
and speed of nerve signal conduction. Therefore, axonal damage
is often accompanied by a reduction in myelin sheaths, known as
demyelination, which accounts for the loss of oligodendrocytes.
To achieve remyelination after brain injury, oligodendrocytes
must develop from oligodendrocyte precursor cells (OPCs). Wnt/
B-catenin appears to play a crucial role in spatiotemporal
regulation of oligodendrocyte differentiation (Garcia-Martin
et al, 2021). A recent study employed transplantation of OPCs
in a transient middle artery occlusion (MCAO) model and found
significant functional angiogenesis and increased myelin basic
protein expression (Wang et al, 2021c). Furthermore, this
process is likely dependent on angiogenesis induced by
Wnt7a-mediated activation of the Wnt/B-catenin signaling
pathway.
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FIGURE 3 | The potential implications of Wnt/p-catenin among cells

from ischemic brain. After an ischemia incident, the microenvironment in
ischemic brain leads to decreased activity of Wnt/p-catenin signaling pathway.
The regulatory mechanisms of which include increased level of Dkks and
sFRPs, which leads to increased BBB disruption, neuronal apoptosis,
demyelination, and overactivation of microglia.

Microglia

As the dominant immune cells in the CNS, microglia are well-
characterized for their secretory and phagocytic properties. More
importantly, microglia express various immunological receptors,
which endow them with a Janus face to function in both positive
and negative manner towards neurons. For instance, triggering
receptor expressed in myeloid cells 2 (TREM2) is a pattern
recognition receptor expressed in myeloid cells, including
microglia. TREM2 was found to prohibit p-catenin
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degradation, thereby activating the canonical Wnt pathway
(Meilandt et al., 2020). Genetically, TREM2 mutations cause
abnormalities in Wnt/B-catenin signaling and microglial
overactivation, which in turn increases the risk of Alzheimer’s
disease (Huang et al., 2022).

From the perspective of neurogenesis, microglia were found to
selectively engulf synapses based on specific chemokine signals
such as CR3/CX3CL1. CX3CL1 interacts with its receptor,
fractalkine, specifically expressed on neurons, and thus
activates microglia by phagocytosis (Cardona et al, 20065
Paolicelli et al, 2011). This process is important for
maintaining an adequate number of synapses and to promote
the formation of neuronal circuits. Interestingly, when the Wnt/
[-catenin signaling pathway is suppressed in neurons, fractalkine
expression decreases substantially, causing synapse degeneration.
Therefore, Wnt signaling may play a role in microglial-involved
synapse modification.

Furthermore, when the CNS is confronted with pathological
conditions such as neurodegenerative diseases or ischemic stroke,
the deleterious circumstance can enhance the combination of the
complement fragment C1q and synapses, which causes the over-
activation of microglial phagocytosis towards synapses and
eventually damages the neuronal cells (Mercurio et al., 2022).
Dying neurons undergo p53-mediated apoptotic signaling
pathway, which leads to the expression of the downstream
target gene Dkkl and further inactivates the Wnt/B-catenin
signaling pathway (Wang et al., 2000). Meanwhile, deleterious
substances from the eliminated synapses increase the delivery of
inflammatory factors from microglia and further aggravate
microglial inflammation and synapse damage.

Astrocytes

As a major component in CNS, astrocytes play an important role
in maintaining brain function. Astrocytic abnormality has been
observed in many CNS diseases, such as Alzheimer’s disease,
multiple sclerosis, and hemorrhagic stroke. It has been shown
that the receptor of Wnt7b, Frizzled-7 was widely expressed
among cells in CNS, including endothelial cells, neurons, and
astrocytes. In an experimental intracerebral hemorrhage model in
mice, activation of Wnt signaling by Frizzled-7 modified by
CRISPR substantially reduced cerebral edema, BBB leakage,

TABLE 1 | Pharmacological agents target Wnt/B-catenin in experimental stroke.

Agents Models

lithium chloride Transient MCAO in mice; Brain
hemorrhage in mice

Permanent MCAO with hypoxia
treatment in mice

Transient MCAO with rtPA treatment in
mice

Transient MCAO in mice

Transient MCAQ in mice

TWS119
6-bromoindirubin-3’-oxime

Gpr124/Reck/Fz1
Wnt3a protein
Wnt1 protein

Sulindac Permanent MCAO in rat

Proposed Mechanisms
Inhibitor of GSK-3
Specific inhibitor of GSK-3p
Inhibitor of GSK-3
Engineered Wnt7A fusion protein
Wnt3a protein with cosolvent

Activation of Akt1
upregulated the expression of Dvl, beta-catenin, and

References
Ji et al. (2021); Song et al. (2022)
Song et al. (2019)
Jean LeBlanc et al. (2019)
Martin et al. (2022)
Matei et al. (2018)

Chong et al. (2010)
Xing et al. (2012)

downregulated APC

Dkk-1 antisense Permanent MCAO in mice

oligonucleotides

Cappuccio et al. (2005); Mastroiacovo
et al. (2009)
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and associated behavioral deficiency, while downregulated
expression of Frizzled-7 markedly aggravated the above
phenomenon. Further, it was found that the activation of
Frizzled-7-mediated Wnt/B-catenin signaling mostly takes
place in the perihematomal endothelial cells, neurons, and
astrocytes (He et al., 2021). The potential implications of Wnt/
B-catenin among cells from ischemic brain are depicted in
Figure 3.

CONCLUSION

The Wnt/B-catenin signaling pathway has been proved to be
involved in a variety of physiological and pathological processes.
More recently, several preclinical studies have found a decline in
Wnt signaling activity after stroke onset, and activators of the
Wnt/B-catenin signaling pathway have shown encouraging
therapeutic effects. Current mechanisms of action aiming at
stimulating the Wnt/B-catenin signaling pathway mainly
include inhibitors of GSK-3p phosphorylation, engineered Wnt
proteins, antagonists of Wnt inhibitors (DKKs, SFRs), and
agonists towards the co-receptor of Wnt receptors (Table 1).
However, extensive studies are needed to investigate the
metabolic characteristics and safety of the protein molecules
used. Lithium chloride is extensively used in clinical practice
to treat bipolar mood disorders. Recently, lithium has also been
used as an inhibitor of GSK-3f, which is a chemical activator of
the Wnt/p-catenin signaling pathway. The administration of
lithium exhibits a protective effect on BBB function, as
observed in an experimental mice for ischemic stroke (Ji et al.,
2021; Song et al, 2022). Therefore, future clinical studies are
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Alzheimer’s disease (AD) is one of the most common progressive neurodegenerative
diseases, accompanied by global alterations in metabolic profiles. In the past 10 years,
over hundreds of metabolomics studies have been conducted to unravel metabolic
changes in AD, which provides insight into the identification of potential biomarkers for
diagnosis, treatment, and prognostic assessment. However, since different species may
lead to systemic abnormalities in metabolomic profiles, it is urgently needed to perform a
comparative metabolomics analysis between AD animal models and human patients. In
this study, we integrated 78 metabolic profiles from public literatures, including 11
metabolomics studies in different AD mouse models and 67 metabolomics studies
from AD patients. Metabolites and enrichment analysis were further conducted to
reveal key metabolic pathways and metabolites in AD. We totally identified 14 key
metabolites and 16 pathways that are both differentially significant in AD mouse
models and patients. Moreover, we built a metabolite-target network to predict
potential protein markers in AD. Finally, we validated HER2 and NDF2 as key protein
markers in APP/PS1 mice. Overall, this study provides a comprehensive strategy for AD
metabolomics research, contributing to understanding the pathological mechanism of AD.

Keywords: Alzheimer’s disease, metabolome, biomarker, HER2, NDF2

1 INTRODUCTION

The prevalence of neurodegenerative disorder dementia is projected to increase from 50 million
individuals worldwide in 2010 to 113 million individuals by 2050 (Knopman et al, 2021).
Alzheimer’s disease (AD) is the most common cause of dementia leading to cognitive impairment.
The core pathological hallmarks of AD is characterized by accumulation of extracellular f-amyloid (Ap)
plaques and intracellular neurofibrillary tangles (NFTs) composed of hyperphosphorylated tau protein
(Long and Holtzman, 2019). However, no anti-amyloid or anti-tau small molecule approved by the
United States Food and Drug Administration (FDA) currently exist, with many clinical trials for such AD
treatments having failed in the past decade (Cummings et al,, 2020; Fang et al., 2020). Accumulating
evidence have suggested both pathologies of AP and tau have synergistic effects but not act independently
(Busche and Hyman, 2020). Recently our group have demonstrated that dually targeting the molecular
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FIGURE 1 | Workflow of the experimental scheme.

network intersection of amyloid and tau endophenotypes provide
the greatest potential in AD drug discovery (Fang et al., 2021).
Despite significant progress in our understanding of the
underlying pathological mechanisms involved in AD, the
relationships between systemic abnormalities in metabolism and
the pathogenesis of AD are poorly understood. Metabolites are
located in downstream of genes and proteins and are most
relevant to phenotypic outcomes (Nicholson et al., 2002), allowing
more sensitive detection of subtle fluctuations in disease system
processes (Bundy et al, 2002). At the same time, it is distinct
from the genome and proteome involving different isoforms and
is structurally conserved across species. Metabolite detection is an
effective means to discover new AD biomarkers (Bundy et al., 2002).
Metabolome profiling and positron emission tomography (PET)
neuroimaging techniques demonstrate that brain hypoglycemia in

AD patients precedes cognitive impairment (Petersen et al., 2000).
Proton Magnetic Resonance Spectroscopy (‘H-MRS) in animal
experiments indicates that metabolic changes exist before overt
cognitive impairment in early AD (Chen et al, 2012). Large-scale
AD multimodal biomarker discovery study suggests that plasma
metabolites primary fatty acid amides (PFAMs) have been found
increased and associated with AP burden in cerebrospinal fluid (CSF)
and clinical measures (Min et al,, 2019). Integrative metabolomics-
genomics approach reveals that increase of circulating adiponectin
and metabolite-dependent ABCA1 mRNA expression could be a
compensatory effect against Alzheimer’s disease (Horgusluoglu et al,,
2021). The analysis of metabolomics has far-reaching significance for
in-depth understanding of the pathogenesis of AD and the search for
more accurate disease targets. However, based on the complexity of
the metabolites, different tissue distributions, different detection
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TABLE 1 | The summary information of metabolomics studies in AD mouse models.

ID PMID Year Metabolome Animal Gender Age
technique model (month)
1 32699218 2020 UPLC-QTQF, LC-MS,  APP/ Male 6, 12, 24
MRM HILIC-LC-MS/ PS1
MS, HILIC-LC-QTOF,
GC-MS
2 33197957 2020 UHPLC-MRM-MS 3xTg Male 2,6
3 26843817 2015 UPLC/MS APP/ Male 7
PS1
4 31016475 2019 GC-TOF-MS APP/ Both 45
PS1
5 26827653 2015 Quantitative mass APP/ Male 6, 8, 10,
spectrometry PS1 12,18
6 32033569 2020 LC-MS 5XFAD Male 6,8, 12
7 29107091 2017 'H NMR spectroscopy ~ APP/ Male 1,5, 10
PS1
8 28411106 2017 MALDI-MSI 3xTg Male unknown
9 24145382 2014 'H NMR spectroscopy Tg2576  Male 1,3,6, 11
10 25281826 2014 GC-MS UPLC-MS APP/ Both 6
PS1
11 25459942 2014 QTOF-MS APP/ Both 6
PS1

techniques, different populations and species can systemic
abnormalities in metabolomic profiles. In this study, to compare
AD-specific metabolomics alterations between AD animal models
and human patients, we integrate multiple metabolic profiles from
AD patients (Xie et al, 2021) and mouse models. Significant
metabolic pathways and metabolites are identified in AD. Then
we further speculate potential targets through constructing and
analyzing metabolite-target (M-T) networks, and verify potential
protein markers via molecular biology experiments (Figure 1).

2 MATERIALS AND METHODS

2.1 Identification of Alzheimer’s
Disease-Associated Metabolites From

Mouse and Human Studies
AD-related mouse brain tissue metabolites were derived from
11 literatures, including four transgenic mouse, which are

Metabolomics Analysis in Alzheimer’s Disease

Sample Targeted Statistics Filter
or criteria
untargeted
Brain, spleen Both t test p < 0.05
Hippocampus Targeted Student’s t test p < 0.05
Brains Unknown Student’s t test p<0.05VIP<15
Brain (cortex, Unknown Two-tailed p < 0.05
hippocampus, independent t test
midbrain,
cerebellum), plasma
Brain, Plasma Targeted Nonparametric 1- p < 0.05
way analysis of
variance analysis
(Kruskal-Wallis)
Hippocampal Untargeted Independent t test FDR adjusted
p-value (g-value)
< 0.05
Brain Unknown Student’s t test with  Bonferroni
Bonferroni adjusted p value
adjustment < 0.05
Brain Untargeted t test p < 0.01
Brain (frontal cortex,  Unknown CV-ANOVA Q2 > 0.5, p-value
rhinal cortex, < 0.05, response
hippocampus, permutation test,
midbrain, p-values of
cerebellum) t-tests <0.05
Brain (cortex and Unknown t-test with VIP<1.5,p<0.05
cerebellum) Bonferroni
correction
Brain (hippocampus,  Untargeted t-test with VIP < 1.5,p <0.05
cortex, cerebellum, Bonferroni
olfactory bulbs) correction

APPswe/PS1dE9 (APP/PS1), Triple transgenic (3xTg), APPPswe
Tg2576 and 5 familial AD mutations (5xFAD). Detailed animal
model information is presented in Supplementary Material. The
age of mice covers from 1 to 24 months, and the gender includes
male and female. The detection methods involve GC-TOF-MS, 'H
NMR spectroscopy, MALDI-MSI, etc. All the metabolites collected
are significant in data preprocessing with p value < 0.05 or adjusted
p value < 0.05. The detailed information are provided in Table 1.

AD-related human metabolites were collected from one recent
systematic review (Xie et al., 2021), which summarized 67 AD or
mild cognitive impairment (MCI) patient metabolic profiling
studies. Among the 67 studies, the number of AD cases
ranged from 7 to 1,356, the number of MCI cases ranged
from 10 to 356, and the number of healthy controls ranged
from 7 to 23,882. The biosample sources included serum, plasma,
brain tissue, cerebrospinal fluid, saliva, and urine. We then
analyzed the frequency of differential metabolites in these
studies. The detailed information 1is presented in
Supplementary Table S1.
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2.2 Pathway Enrichment Analysis
We used the online analysis platform MetaboAnalyst 5.0 (https://

www.metaboanalyst.ca) to analyze 27 differential metabolites in
AD mice and 60 human differential metabolites pathway
enrichment based on extraction from the original study. The
website contains statistical analysis, enrichment analysis, pathway
analysis, functional analysis, etc. Pathway enrichment is classified
and compared according to different biological samples (mouse
or human). Brain tissue specificity data for each gene comes from
AlzGPS  (https://alzgps.lerner.ccf.org). Subcellular localization
sourced from COMPARTMENTS (https://compartments.
jensenlab.org/).

2.3 Construction of Metabolite-Centric
Subnetworks Using Alzheimer’s Disease
Atlas

Metabolite related genes information comes from AD atlas (https://
www.adatlas.org/). The AD Atlas is a dataset resource for studying
AD-related biomarkers and AD-related endophenotypes based on a
multi-omics background. It provides an interactive network of
phenotypes, genes, proteins or metabolites. In this work, 14
common metabolites between AD mouse and human studies
were input into AD Atlas to generate a metabolite-centric
subnetwork. We used genome-wide as significance threshold,
brain cortex to filter coregulation links. Five interaction types
were covered in network, including coexpression, coregulation,
genetic association, metabolic association, and partial correlation.
Furthermore, the topology analysis in cytoHubba plug was used to
measure important nodes in the network graph.

2.4 Experimental Validation

2.4.1 APPswe/PS1dE9 Animal Models

APP/PS1 male mouse and wild type (WT) mouse were purchased
from Guangzhou Dean Gene Technology Co., Ltd. 8.5 and
17 month-old APP/PS1 mice (n = 10), and matched WT mice
(n = 10) were selected for experiments respectively. All
experimental procedures follow the requirements of the Ethical
Review Regulations for Laboratory Animals of Guangzhou
University of Chinese Medicine. Mice were housed in single
cages in an air-conditioned room with a relative humidity of
40%-70% and a temperature of 20-26°C with a light-dark cycle
for 12 h. Mice have free access to food and water.

2.4.2 Western Blot Analysis

We selected mouse brain cortex for western blot analysis. Add 10 pl
of RIPA lysate containing phosphatase inhibitor and PMSF to each
1 mg of tissue. After treatment with a cell sonicator or tissue
homogenizer, centrifuge to take the supernatant, add 1/4 of the
total volume of loading buffer, and boil at 100°C for 5 min to
completely denature the protein. The protein lysates were separated
in equal volume on 10% Precast Protein Gels and transferred to an
022 um Immobilon-PSQ polyvinylidene difluoride membrane
(PVDF, Millipore, cat. #ISEQ00010). The following antibodies
were used: Neuronal differentiation 2 (NDF2) Antibody (1:1000,
Affnity Biosciences, cat. #AF0635); Human EGF Receptor (HER2/
ErbB2) Antibody (1:1000, Affnity Biosciences, cat. #AF7681); beta
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Actin Antibody (1:3000, Affnity Biosciences, cat. #AF7018). At the
end of the immunoreaction, Immobilon Western Chemilum HRP
Substrate (Millipore, cat. #WBKLS0100) was prepared in a 1:1 ratio,
and the western blot was recorded by a versatile gel imager
ChemiDocXRS + (Bio-RAD, United States).

2.4.3 Immunofluorescence

The 3 pm coronal brain slices were blocked in 5% BSA at 37°C for
1 h, then incubated with primary antibodies at 4°C overnight. The
next day, the slices were washed three times in PBS for 5 min each
and incubated with corresponding secondary antibodies at 37°C
for 2 h. The slices were stained with DAPI nuclear staining (Cell
Signaling Technology, cat. #4083) for 1min. Use the same
antibody as for western blot.

2.5 Network Visualization and Statistical

Analysis

Statistical analysis of this study was done by SPSS, GraphPad
Prism 8 (v8.0.2, https://www.graphpad.com/). The mean =*
standard deviation was used for statistical description, and the
independent sample T test was used to compare with the control
group, *p < 0.05, **p < 0.01, **p < 0.001. The network was
constructed using Cytoscape (v3.2.1, http://www.cytoscape.org/),
GraphPad Prism 8, and Microsoft Office 2019.

3. RESULTS

3.1 Collection of Differential Metabolites in
Mouse and Human Metabolomics

AD-related differential metabolites were collected from 11 previous
metabolomics studies using AD mouse brain tissue. Seven of them
are APP/PS1 transgenic mouse models, two are 3xTg transgenic
mouse models, and the remaining two are Tg2576 and 5xFAD
transgenic mouse model, respectively. A total of 408 differential
metabolites were identified in the 11 literatures. After analysis and
sorting, 27 key metabolites in mouse brain tissue were obtained by
taking the frequency of three or more reports (Figure 2). Among the
11 studies, the study (Gonzéilez-Dominguez et al., 2014) has the
highest overlap (n = 17) compared with the 27 differential
metabolites. In addition, we observe that both of two metabolites
(glycine, adenosine monophosphate) were detected in six studies. In
vitro studies show that glycine increases viability and counteracts
deleterious responses to LPS/IFN-y-induced apoptosis in BV-2
microglia (Egger et al., 2020). In vivo studies have demonstrated
that glycine exerts neuroprotective effects by mediating inactivation
of the JNK signaling pathway, and it can reverse D-galactose-
induced  oxidative  stress, neuroinflammation,  synaptic
dysfunction, and memory impairment (Rahat et al, 2020).
Likewise, cyclic adenosine monophosphate (cAMP) as an
endogenous modulator of the amyloid-beta precursor protein
metabolism (Canepa et al, 2013). cAMP controls amyloid
precursor protein (APP) translation and A levels, regulates long-
term potentiation (LTP) and ameliorates memory in healthy and
diseased brain (Ricciarelli et al., 2014). These findings confirm the
veracity and accuracy of our research.
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FIGURE 2| Key differential metabolites in AD model mice. 11 previous metabolomics studies (PMID number) using AD mouse brain tissue were included. The key
metabolites were listed together with their significant frequency in these studies.

Among 67 human metabolomics studies, there were 830 more times (Figure 3). These 60 metabolites cover 37
altered metabolites in AD patients compared to healthy literatures. Four metabolites (L-tryptophan, L-phenylalanine,
individuals, of which 60 metabolites were reported three or  palmitic acid, L-arginine) were detected significant in 7
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studies. In vitro studies demonstrated that extra-cellular palmitic
acid coupled with G protein-coupled receptor 40 (GPR40)
induces the expression of APP and BACEI1 to facilitate AP
production via the Akt-mTOR-HIF-la and Akt-NF-«kB
pathways in SK-N-MC cells (Kim et al., 2017). In addition,
studies have shown that palmitic acid abolished the migration
and phagocytic activity of microglia in response to interferon-y,
thereby aggravating cellular inflammatory damage (Yanguas-
Casas et al,, 2018). A mouse model of CVN-AD, in which
immune-mediated nitric oxide is reduced to mimic human

levels, found areas of hippocampal neuronal death associated
with the presence of immunosuppressive CD11c (+) microglia
and extracellular arginase, resulting in decreased arginine
catabolism and total levels of brain arginine (Kan et al,, 2015).
Moreover, a study of male APPswe/PSIAE9 transgenic (Tg)
showed significantly altered plasma arginine metabolism
profiles in 7-month Tg mice prior to major behavioral
impairment (Bergin et al., 2018). These studies provide cogent
evidence on the importance of high repetition rate metabolites
in AD.
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FIGURE 4 | Pathway enrichment analysis. (A) The top 25 pathway in AD animal models. (B) The top 25 pathway in AD patients. (C) Intersection analysis of

3.2 Key Metabolites Analysis and

Enrichment Analysis

Pathway enrichment analysis was performed for key differential
metabolites and top 25 significant pathways were kept for both
types of metabolites. As shown in Figure 4A, analysis of 27
differential metabolites in AD mice revealed that 33 pathways
exhibited alterations in the AD-related mouse brain tissue. The
top 25 pathways were mainly related to D-glutamine and
D-glutamate metabolism (Enrichment Ratio = 37.74, p < 0.001),
nitrogen metabolism (Enrichment Ratio = 18.87, p < 0.01), arginine
biosynthesis (Enrichment Ratio = 16.13 p < 0.001) and valine, leucine,
and isoleucine biosynthesis (Enrichment Ratio = 14.08, p < 0.01). As
for 60 key differential metabolites in AD patients (Figure 4B), there
are 50 pathways that exhibited alterations in the AD patients. The
top 25 pathways were mainly related to D-glutamine and
D-glutamate metabolism (Enrichment Ratio = 17.78, p <

0.001), arginine biosynthesis (Enrichment Ratio = 15.27, p <
0.001), phenylalanine, tyrosine and tryptophan biosynthesis
(Enrichment Ratio = 13.33, p < 0.01), and aminoacyl-tRNA
biosynthesis (Enrichment Ratio = 8.33, p < 0.001). Enrichment
Ratio is computed by hits/expected, where hits = observed hits;
expected = expected hits. Details of pathway enrichment are
presented in Supplementary Tables S2, S3.

3.3 Intersection Analysis of Metabolic
Pathways Between Human and Alzheimer’s
Disease Mouse

We further aimed to examine the common regulated metabolic
pathways between AD patients and AD mice. Figure 4C
presents 16 overlapping pathways between them. Most of
these pathways have high enrichment ratio and low p values,

Frontiers in Pharmacology | www.frontiersin.org

May 2022 | Volume 13 | Article 904857


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#articles

Dai et al.

Metabolomics Analysis in Alzheimer’s Disease

A B

Metabolite Information

Metabolites names HMDB PubChem KEGG
Mus Musculus Choline HMDB0000097 305 C00114
Hypoxanthine HMDB0000157 790 C00262
Glycine HMDB0000123 750 C00037
Taurine HMDB0000251 1123 C00245
L-Tyrosine HMDBO0000158 6057  C00082
n=46 n=14 n=13 L-Valine HMDB0000883 6287  C00183
Creatine HMDB0000064 586 C00300
myo-Inositol HMDB0000211 892 C00137
Urea HMDB0000294 2447  C00086
L-Glutamine HMDB0000641 5961  C00064
L-Alanine HMDB0000161 5950  C00041
Human Serine HVDBO0062263 5951  C00716
L-Glutamic acid ~ HVDB0000148 33032  C00025
L-Aspartic acid HMDB0000191 5960  C00049
(o D

FIGURE 5 | Analysis of key metabolites. (A) Venn diagrams of animal and human metabolites. (B) The 14 key metabolites information. (C) Annotation and statistics
of chemical classification information of metabolites. (D) Subcellular localization analysis of metabolites.

such as D-glutamine and D-glutamate metabolism, arginine
biosynthesis, alanine, aspartate, and glutamate metabolism.
Glutamate is the most common excitatory transmitter in the
mammalian central nervous system and plays an important role
in normal brain function and brain development. Low synaptic
clearance and excitotoxicity of glutamate resulting from altered
glutamatergic neurotransmission are thought to play critical
roles in AD progression (Acosta et al., 2017; Nuzzo et al., 2021).
A recent study has demonstrated that subjects with MCI show
paradoxical elevations in glutamatergic presynaptic bolton
density, which are then depleted and decreased as the disease
progresses (Bell et al., 2007). Recently, substantial evidence
implicates that altered L-arginine metabolism is involved in
AD pathogenesis (Griffin and Bradshaw, 2017; Meloni et al,
2020). Arginase converts L-arginine to L-ornithine, which is
further metabolized by ornithine decarboxylase (ODC) to the
polyamine putrescine (Wu and Morris, 1998). Polyamines
promote the aggregation of AP oligomers and reduce their
toxicity by reducing the hydrophobic surface and increasing
the size of the oligomers (Luo et al., 2013) and are essential for
the maintenance of normal cellular function. In a study on APP/
PS1 mice, the content of L-arginine continued to increase with
age. Amyloid plaques were distributed widely across the brain at
17 months of age, the content of L-arginine in this time was

significantly higher than that of the normal group (Vemula
et al., 2020). Collectively, accumulating evidence has supported
that these metabolic pathways play important roles in both AD
patients and animal models.

3.4 Analyze Metabolite-Target Networks
and ldentify Putative Protein Markers in

Alzheimer’s Disease

In addition to 16 overlapping enriched pathways, we also found
14 key metabolites overlap between AD mouse models and
patients (Figure 5A). Their detailed information is presented
in Figure 5B. Annotation and statistics were performed on the
chemical classification and attribution information of metabolites
(Figure 5C). Metabolites in different categories were displayed in
different color blocks. Nine metabolites belong to amino acids,
peptides, and analogues (creatine, glycine, alanine, aspartate,
glutamate, glutamine, serine, valine, tyrosine), metabolite
taurine belongs to organ sulfonic acids and derivatives,
metabolite hypoxanthine belongs to purines and purine
derivatives, metabolite choline belongs to quaternary
ammonium salts, metabolite urea belongs to ureas and myo-
Inositol unclear attribution. Subcellular localization analysis of
metabolites was performed based on the information included in
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the Human Metabolome Database (HMDB) (Figure 5D). All
metabolites are distributed extracellularly (n = 14) and most
metabolites are distributed in mitochondria (n = 11), in contrast,
only choline is distributed in the nucleus and golgi apparatus,
which is the most widely subcellularly localized metabolite
(cytoplasm, extracellular, mitochondria, nucleus, endoplasmic
reticulum, golgi apparatus). Choline, a B vitamin nutrient
found in common foods, is important for various cellular
functions. Experiments demonstrate that lifelong choline
supplementation significantly reduces amyloid-beta plaque
burden and improves spatial memory in APP/PS1 mice
(Velazquez et al., 2019).

Metabolites are downstream of the genome, transcriptome,
and proteome, whereas proteins are the ultimate carriers of
functions in an organism. In biological systems, metabolite-
protein interactions control a variety of cellular processes,
therefore, we used AD Atlas to construct M-T network, in
order to find potential AD markers associated with
metabolites (Figure 6A). The M-T networks include 12
metabolites except choline and urea. We retained proteins

with linkages to at least two metabolites, resulting in a sub-
network diagram (Figure 6B). Ten topology analysis methods,
including Closeness, EPC, MNC, Betweenness Degree, Stress,
MCC, BottleNeck, EcCentricity and DMNC are used to measure
the true efficiency of nodes in the sub-network to evaluate their
importance (Figure 6C). Topological analysis has sorted out the
11 most important proteins in the network diagram. Combined
with the expression levels in the brain (Zhou et al., 2021) and the
supporting literature evidence related to neurodegenerative
diseases in vivo and in vitro, we screened out FBXL20,
PPPIR1B, NEUROD2 (NDF2), and ERBB2 (HER2) for
follow-up molecular biology experiments (Figure 6D).

3.5 Experimental Validation of Human EGF
Receptor and Neuronal Differentiation 2 as
Putative Protein Markers in APP/PS1
Models

We selected APP/PS1 mice in two different months of age to
verify the four proteins selected in the above analysis, of which
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FBXL20 and PPP1R1B had no significant difference between
WT and APP/PS1 mice. 8.5-month-old APP/PS1 mice
exhibited abundant AB accumulation in the hippocampus
and cortex (Jankowsky et al., 2004), while 17-month-old
APP/PS1 mice exhibited learning impairment (Savonenko
et al., 2005). Figure 7A shows the immunofluorescence
expression of the protein HER2 of 8.5-month-old APP/PS1
mice, the results show that the expression in the hippocampal
dentate gyrus area and cortical area of APP/PS1 is significantly
higher than that in WT (p < 0.05, p < 0.001). Figure 7B shows
the immunofluorescence expression of the protein NDF2, and
the results show that the expression in the hippocampal
dentate gyrus area and cortical area of APP/PS1 is
significantly higher than that in WT (p < 0.05, p < 0.01).
Moreover, Figure 7C shows the western blot expression of the
proteins NDF2 and HER2 of 17-month-old APP/PS1 mice.
The results showed that the expressions of NDF2 in APP/PS1
mice is significantly higher than that in WT (p < 0.05) and
HER2 in the brain tissue of APP/PS1 mice is significantly
higher than that in WT (p < 0.05).

4 DISCUSSION AND CONCLUSION

Metabolites drive cells to perform basic functions including signal
transduction, energy production and storage. As the biochemical
products of the cellular process, metabolites reflect alterations in
biochemical pathways related to the pathogenesis of AD. Thus,
studying metabolites has profound implications in the
identification of potential biomarkers for diagnosis, treatment,
and prognostic assessment.

In this work, we perform a comparative metabolomics analysis to
offer a global view of metabolic changes between AD animal models
and AD patients. We integrate multiple metabolic profiles from
public data source, and conduct metabolites and metabolic pathway
overlap analysis. The key metabolites and enriched pathways are
identified, which are both differentially significant in AD mouse
models and patients. Through construction of M-T network, we
finally predicted and experimentally validated HER2 and NDF2 as
key protein markers in APP/PS1 mice.

HER2, commonly known as Erb-B2 Receptor Tyrosine het
Kinase 2 (ErbB2), is a member of the epidermal growth factor
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receptor (EGFR) family, including four members EGFR (ErbBl1,
HER1), ErbB2 (HER2), ErbB3 (HER3) and ErbB4 (HER4). In
peripheral nerve regeneration after trauma, HER2 regulates
Schwann cell proliferation, yet its high expression drives
cancer development and progression in certain tissue types.
The important reason of HER2 receptor leading to
carcinogenesis is  ligand-independent activation, which
activates downstream signals. Neuregulin-1 (Nrgl) is a
member of the active epithelial growth factor (EGF) family
(Patricia et al., 2005), which binds to ErbB receptors, NRGI is
aligand of ErbB3 or ErbB4, and is more likely to heterodimerizes
with ErbB2 after binding to ErbB3 or ErbB4 aggregates. Nrgl
mediated intercellular and intracellular communication regulates
multiple biological processes involved in nervous system
development by binding to ErbB receptors, and they play key
roles in regulating nervous system development and
regeneration. NRG1 signaling in microglia stimulates
microglial proliferation, chemotaxis, and survival through the
ErbB2 receptor, as well as interleukin-1f release in vitro (Calvo
et al, 2010). Changes in ErbB expression appear to play an
important role in nerve injury and subsequent nerve
regeneration (Calvo et al, 2010; Kanzaki et al., 2013; Ronchi
et al., 2013). NRG accelerates Schwann cell migration through
ErbB2/3-dependent FAK pathway, thereby promoting nerve
regeneration (Hung-Ming et al, 2013). NRGI activates
heteromeric ErbB2 and ErbB3 receptors on Schwann cells and
plays an important role in Schwann cell development and
myelination (Garratt et al., 2000; Lemke, 2006). Plasma soluble
neuregulin-1 levels were significantly elevated in mild AD
patients and moderate AD patients compared with healthy
controls (Shin et al., 2016). cDNA microarray technology was
used to study the changes of gene expression profiles in the
cerebral cortex of Balb/c mice injected with AP fragment 25-35
into the ventricle, and it was found that ErbB2 gene expression
was upregulated (Kong et al., 2010).

NDF2, commonly referred to as Neurod2, is a neurogenesis marker
in the hippocampal dentate gyrus and is thought to play a role in the
determination and maintenance of neuronal cell fate. The findings
suggest that alterations in Neurod2 can lead to neurodevelopmental
disorders, including intellectual disability and autism spectrum disorder
(Runge et al,, 2021). Higher levels of RE1-silencing transcription factor
(REST) were detected in the hippocampus of Neurod2 knockout mice.
REST inhibits neuronal differentiation, and the neuronal differentiation
program must be activated for progenitor cells to become neurons
(Ravanpay et al, 2010). In the APP/PS1 mouse model, targeted
expression of Neurodl in hippocampal progenitor cells significantly
reduced the defect in dendritic spine density in new hippocampal
neurons, and the highly connected new neurons were able to restore
spatial memory in these diseased mice (Kevin et al,, 2014). Reduced
neurogenesis and synaptic plasticity, thought to be associated with age-
related cognitive decline (Bettio et al,, 2017). Memory deficits, a typical
feature of AD, develop decades before they are detected as mild
cognitive impairment. New neurons and glial cells in the adult
hippocampus are added to the granular cell layer of the dentate
gyrus committed to learning and memory. Conversely, defects in
neurogenesis with aging, neuroinflammation, oxidative damage,
mitochondrial dysfunction, etc., may impair hippocampal function
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and gradually lead to memory loss. The enhanced neurogenesis in our
experiments may be a compensatory response, representing an
endogenous brain repair mechanism.

There are two novel findings in our study. First, our comparative
metabolomics analysis integrating multiple data sources revealed the
metabolite similarities and differences between AD patients and animal
models, confirming that the existing AD animal models have good
commonality with AD patients at the metabolite level. Secondly, two
potential protein markers (HER2 and NDF2) were predicted and
verified in APP/PS1 mouse model, which provided some new
directions and explorations for AD research. However, several
limitations of the presented study should be recognized. First, our
data was derived from the differential metabolites listed in the literature
and lack a standardized analytical workflow for sample acquisition,
processing and preparation, instrumental analysis, and data analysis.
Second, the included data was mostly cross-sectional studies, while the
early diagnostic and prognostic potential of metabolite biomarkers
should be further assessed in high-quality, large-scale longitudinal
cohort studies. Third, due to insufficient data on patient brain
tissue, 67 metabolomics studies from AD patients included multiple
tissue sources, compared with only brain tissue source in AD mouse
models. This might have some impact on the results.

Generally, metabolomics is an exciting and growing field of
research, and its study has illuminated its ability to expand from
biomarker discovery to understanding the mechanisms behind
phenotypes. Our study may bring some directions and
implications for AD metabolomics research, providing a
comprehensive understanding of HER2 and NDF2.
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Postpartum depression (PPD), a severe mental health disorder, is closely associated with
decreased gonadal hormone levels during the postpartum period. Mangiferin (MGF)
possesses a wide range of pharmacological activities, including anti-inflammation.
Growing evidence has suggested that neuroinflammation is involved in the
development of depression. However, the role of MGF in the development of PPD is
largely unknown. In the present study, by establishing a hormone-simulated pregnancy
PPD mouse model, we found that the administration of MGF significantly alleviated PPD-
like behaviors. Mechanistically, MGF treatment inhibited microglial activation and
neuroinflammation. Moreover, we found that MGF treatment inhibited mitogen-
activated protein kinase (MAPK) signaling in vivo and in vitro. Together, these results
highlight an important role of MGF in microglial activation and thus give insights into the
potential therapeutic strategy for PPD treatment.

Keywords: postpartum depression, mangiferin, microglia, neuroinflammation, MAPK signaling

INTRODUCTION

Postpartum depression (PPD) is a mental health disorder that frequently occurs in women during
the postpartum period. The disorder is characterized by emotional changes, including melancholic
and languid mood, low self-evaluation, lack of confidence, and even suicidal tendencies. Self-harm
behaviors have been reported to be common in PPD patients, ranging from 5 to 14% (Lindahl et al.,
2005). The average prevalence rate of PPD was previously reported to be approximately 13%
(Weissman et al., 2004); however, recent studies have shown that the global prevalence rate of PPD
was higher than the earlier estimate varying across countries (Hahn-Holbrook et al., 2017).
Currently, drugs for the treatment of PPD in clinics are mainly monoamine oxidase inhibitors
(MAOIs), tricyclic antidepressants, and selective 5-HT reuptake inhibitors (SSRIs). However, owing
to the associated side effects, such as anorexia, nausea, diarrhea, headache, nervousness, anxiety, and
insomnia (Gjerdingen, 2003), the development of new anti-PPD drugs with higher efficacy and fewer
side effects is urgently needed.

The levels of progesterone and estrogen increase steadily during pregnancy but decrease rapidly
and remain at lower levels for a long time after childbirth (Hendrick et al., 1998). Dramatic changes
in postpartum gonadal hormone levels are thought to be an important reason for the occurrence of
PPD in the clinic. Based on this theory, multiple studies have established a PPD animal model by
injecting progesterone and estrogen to mimic postpartum gonadal hormone changes (Zhang S et al.,

Frontiers in Pharmacology | www.frontiersin.org 9

June 2022 | Volume 13 | Article 840567


http://crossmark.crossref.org/dialog/?doi=10.3389/fphar.2022.840567&domain=pdf&date_stamp=2022-06-03
https://www.frontiersin.org/articles/10.3389/fphar.2022.840567/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.840567/full
https://www.frontiersin.org/articles/10.3389/fphar.2022.840567/full
http://creativecommons.org/licenses/by/4.0/
mailto:cheng_jinbo@126.com
mailto:junxia@buu.edu.cn
https://doi.org/10.3389/fphar.2022.840567
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#articles
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org/journals/pharmacology#editorial-board
https://doi.org/10.3389/fphar.2022.840567

Yan et al.

2017; Zhu and Tang, 2020; Zhang et al., 2021). However, to date,
the potential etiology of PPD has remained unclear, and the
regulatory mechanisms are largely unknown. Growing evidence
has suggested that neuroinflammation is involved in the
development of depression. Increased levels of inflammatory
cytokines, such as interleukin-1 beta (IL-1f), IL-8, and tumor
necrosis factor-a (TNF-a), have been found in depressed patients
in the clinic (Bauer et al., 2014; Walker et al., 2014). Microglia are
one of the major types of immunological cells in the central
nervous system and are involved in multiple neurological
diseases, including Alzheimer’s (Heneka et al., 2013; Pan et al,,
2019; Cheng et al., 2021), Parkinson’s (Gao et al., 2002; Lee et al.,
2018; Cheng et al., 2020), and stroke (Zhao et al., 2016; Liao et al.,
2020). For mental health disorders, it has been documented that
microglial activation and NLRP3 inflammasome contribute to the
development of post-traumatic stress disorder (Dong et al., 2020;
Li S et al, 2021). In addition, it has been reported that the
knockout of Dlgl in microglia alleviated LPS-induced depression
in mice by inhibiting microglial activation and
neuroinflammation (Peng et al, 2021). Recently, too,
neuroinflammation was reported to be involved in PPD
pathology (Kendall-Tackett, 2007; Maes et al., 2000; Anderson
and Maes, 2013; O’Mahony et al., 2006; Zhang X. L et al., 2017).

Mangiferin (MGF) is a type of tetrahydroxy pyrone carbonate,
which can be extracted from several plants, such as Mangifera
indica L and Amygdalus communis L. MGF possesses a wide
range of pharmacological properties, including antitussive, anti-
asthmatic, antiviral, immunoregulatory, antitumor, and anti-
inflammatory activities (Saleh et al, 2014; Sellamuthu et al.,
2014; Benard and Chi, 2015; Jang et al,, 2016; Shi et al., 2016;
Fan et al, 2017). In this study, we established a hormone-
simulated pregnancy PPD mouse model and found that MGF
alleviated PPD-like behaviors in mice. Mechanistically, MGF
inhibited mitogen-activated protein kinase (MAPK) signaling
in vivo and in vitro, thus inhibiting microglial activation and
neuroinflammation.

RESULTS

MGF Treatment Alleviates Depression-Like

Behavior

To study the effects of MGF on PPD, we established a hormone-
simulated pregnancy (HSP) mouse model combined with
ovariectomy (OVX). As shown in Figure 1, behavioral tests
began 10 days after progesterone (P4) withdrawal. Two doses
of MGF (20 and 60 mg/kg) were orally administered once per day.
Moreover, the novelty-suppressed feeding (NSF) test was used to
evaluate exploration and anhedonia behaviors, while the forced
swim test (FST) and tail-suspension test (TST) were utilized to
assess depression-like behaviors. We found that mice in the PPD
model group showed increased immobility time in the NSF test,
FST, and TST (Figures 2A-F), indicating impaired emotional
functions. Interestingly, administration of MGF significantly
decreased the immobility time in the NSF test in a dose-
dependent manner compared with the PPD group (p < 0.001)
(Figures 2A,B). Consistently, administration of MGF

Mangiferin Alleviates Postpartum Depression-Like Behaviors

significantly decreased the immobility time in the FST and
TST, suggesting alleviated depression-like behaviors (Figures
2C-F). Furthermore, we compared the PPD/MGF groups with
the control groups through behavioral tests and found that PPD/
MGF groups reduced the immobility time of PPD mice in NSF,
which was still higher than that in the control groups. However,
there was no difference in immobility time between high doses of
the MGF and the control group in TST and FST, indicating a
protective effect of MGF. Collectively, these results suggest that
the administration of MGF could alleviate HSP-induced
depression-like behavior in mice.

MGF Treatment Decreases Inflammatory
Cytokine Levels in the Mouse Brain

To further study the mechanism underlying the protective effect
of MGF, we examined the expression of synaptic
plasticity-related protein 95 (PSD95) and brain-derived
neurotrophic factor (BDNF) in the hippocampus. However, no
significant differences were observed between the MGF-treated
groups and the PPD model groups (Figures 3A-C). Multiple
studies have suggested that neuroinflammation is involved in the
development of depression (Engler et al, 2017; Moisan et al,
2021). To determine whether neuroinflammation is involved in
this process, we first examined the protein levels of IBA1 and
GFAP in the mouse brain. We found that the expression level of
IBA1 was increased in the PPD group compared to that in the
control group. MGF treatment inhibited this increase in a dose-
dependent manner. There were no significant changes in the
protein levels of GFAP among the four groups (Figures 3D-F).
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FIGURE 1 | Timeline of experimental design, including the schedule of

the hormone-stimulated pregnancy (HSP)-induced postpartum depression
(PPD) mice model and drug administration and behavior tests. Female BALA/c
mice were ovariectomized bilaterally for 7 days. The ovariectomized

mice were injected intraperitoneally with p-estradiol (E2, 0.5 pg/day) and
progesterone (P4, 0.8 mg/day) for 16 consecutive days. Progesterone was
then withdrawn, and a high dose of p-estradiol (10 pg/day) was administrated
alone. At the same time, two-dose concentrations of mangiferin (MGF) were
administrated to the treatment group mice.
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FIGURE 2 | MGF-alleviated HSP-induced depression-like behavior in mice. (A) Schematic representation of the novelty suppressed feeding test (NST). (B) Analysis
of immobility time in the NST [control, n = 8, PPD, n =7, PPD/MGF (L), n = 8, and PPD/MGF (H), n = 6]. (C) Schematic representation of the forced swim test (FST). (D)
Analysis ofimmobility time in the FST, n = 9in each group. (E) Schematic representation of the tail-suspension test (TST). (F) Analysis of immobility time inthe TST, n=9in
each group; Error bars are mean + S.E.M. *p < 0.05, **p < 0.01, and **p < 0.001.

Moreover, we found that the levels of inflammatory cytokines
TNF-a, IL-6, and IL-1p were significantly increased in the PPD
group mice. Interestingly, treatment with MGF significantly
inhibited the increase in the levels of these cytokines (Figures
3G-I). Together, these results show that MGF treatment
inhibited inflammatory cytokine levels in the PPD mouse brain.

MGF Treatment Inhibits Microglia Numbers

in the Mouse Brain

Next, we investigated whether microglial activation is involved in
this process. To address this, we performed an IBAl
immunofluorescence staining assay, which showed that a
higher number of microglia existed in the hippocampus of
PDD mice (Figures 4A,B). Using Image-Pro Plus software, we
analyzed the number of microglia in the CA1 and DG areas of the
hippocampus in these four groups of mice. The number of
microglia was significantly increased in the CA1 and DG areas
of the hippocampus in the PPD group mice (p < 0.001 and p <
0.01, respectively), while treatment with a high concentration of
MGF significantly inhibited this increase, with a decreasing trend
seen in the low concentration of MGF treatment groups (Figures
4C,D). Thus, these results suggest that microglia were activated in

the PPD model mouse brain and that MGF treatment could
significantly inhibit microglial activation.

MGF Inhibits Microglial Activation by
Targeting MAPK Signaling

To find the potential molecular targets of MGF, bioinformatic
analysis of 3D similarity searching, ranking, and superposition
was performed using ChemMapper (http://www.lilab-ecust.cn/
chemmapper/index.html). Among the predicted targets (MAP
kinase-activated protein kinase 2, amine oxidase [flavin-
containing] A, sialidase, fatty acid synthase, and transcription
factor p65), MAP kinase-activated protein kinase 2 (MAPK) was
ranked first, with a 3D similarity score of 1.0 (Figures 5A,B).
Next, to study changes in MAPK signaling in the hippocampus of
the mouse brain, the levels of p-JNK, p-p38, and p-ERK were
investigated. As shown in Figure 5C, increased levels of these
three markers were observed in the PPD group compared to the
control group. Notably, administration of MGF inhibited the
increase in p-JNK, p-p38, and p-ERK levels, suggesting
downregulation of MAPK signaling in the mouse brain. To
further confirm the effects of MGF on microglia, we cultured
microglial BV2 cells and studied the effect of MGF on
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FIGURE 3 | MGF decreased infllmmatory cytokine levels in the mouse brain. (A-C) Immunoblotting and quantitative analysis of plasticity-related protein 95
(PSD95) and brain-derived neurotrophic factor (BDNF) levels in the hippocampus of mice. (D-F) Immunoblotting and quantitative analysis of IBA1 and GFAP protein
levels in the cortex of the indicated-group mice. (G-I) RT-PCR analysis of TNF-a, IL-6, and IL-1p mRNA levels in the hippocampus of mice. Error bars are mean + SEM.

LPS-induced MAPK signaling activation in vitro (Figure 5D). As
shown in Figure 5E, LPS treatment increased the protein levels of
iNOS, p-JNK, and p-p38, whereas pretreatment with MGF largely
inhibited increased levels. Consistently, the levels of the
downstream inflammatory cytokines TNF-a, IL-6, and IL-1f
were significantly inhibited in the MGF treatment group
(Figures 5F-H). Collectively, these results show that MGF
inhibits microglia-mediated inflammation by targeting MAPK
signaling.

In summary, our results show that treatment with MGF
significantly alleviated PPD-like behaviors in mice. Mechanistically,
we found that MGF inhibited microglial activation by targeting
MAPK signaling in vivo and in vitro (Figure 6), providing a
potential therapeutic strategy for PPD treatment.

DISCUSSION

As a common but severe mental health disorder, PPD poses a
serious global burden worldwide. Multiple animal models of PPD
have been established to explore its pathogenesis, including
stress-induced (Boccia et al., 2007; Haim et al., 2016), HSP-
induced (Stoffel and Craft, 2004; Schiller et al., 2013), and
transgenic animal models (Tillmann et al, 2019; McDonnell
et al, 2020). Among these, the HSP-induced model is
commonly used due to its advantages such as good
reproducibility and easier procedure. In this study, increased
immobility times were found in the NSF test, FST, and TST in the
PPD model group mice, indicating impaired emotional functions.
Based on this mouse model, we found that MGF significantly
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FIGURE 4 | MGF inhibited microglial numbers in vivo. (A-B) Immunofluorescent staining of IBA1 in CA1 and DG areas of the hippocampus. The scale bar
represents 50 pm. (C-D) Quantitative analysis of IBA1 cell numbers. Error bars are mean + SEM. *p < 0.05, *p < 0.01, and **p < 0.001.
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alleviated PPD-like behaviors. Mechanistically, we found that
MGF modulated MAPK signaling in microglia, thus inhibiting
microglial activation and neuroinflammation.

Multiple studies have shown that reproductive hormone levels
rapidly decline after delivery and are considered the main
contributor to the occurrence of PPD (Bloch et al., 2000;
Galea et al, 2001; Studd, 2015). Neuroinflammation,
GABAergic inhibition, and hippocampal neurogenesis
impairment are associated with the development of PPD
(Zhang et al., 2016; Yang et al., 2017; Zhu and Tang, 2020). In
this study, we found no significant changes in the levels of
synaptic plasticity-related proteins PSD95 and BDNF in the
hippocampus of PPD group mice. However, the IBA1 levels, a
microglial marker, were significantly increased, and higher levels
of the inflammatory cytokines TNF-a, IL-6, and IL-1p were also
noted, suggesting involvement of neuroinflammation. IL-6 and
IL-1p levels have been reported to be positively correlated with

depression scores in postpartum women (Cassidy-Bushrow et al.,
2012). Herein, the dose of MGF was determined based on
previous in vivo experiments. Administration of 20 mg/kg of
MGF possesses several beneficial biological activities, including
inhibition of mastitis induced by LPS (Qu et al, 2017),
ameliorating learning deficits (Jung et al, 2009), and
antidepressant effects in a chronic mild stress mouse model
(Cao et al, 2017). Moreover, concentrations of 30, 40, and
60 mg/kg were used in previous studies (Jangra et al, 2014;
Song et al, 2020). Therefore, concentrations of 20 and
60 mg/kg MGF were chosen for this study. Notably, we found
that treatment with MGF effectively suppressed the increase in
inflammatory levels and alleviated HSP-induced depression-like
behavior in mice, suggesting that the beneficial role of MGF in
PPD may be due to its anti-inflammatory effects.

As resident immune cells of the central nervous system,
microglia play a critical role in neuroinflammation. Microglial
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FIGURE 5 | MGF-regulated mitogen-activated protein kinase (MAPK) signaling in vivo and in vitro. (A) MGF structure. (B) Potential protein targets of MGF ranked by
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The number represents the normalized quantitative value of the protein. (D) The schematic representation of LPS stimulation in BV2 cells. (E) Immunoblotting analysis of
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activation is closely associated with neurodegenerative diseases,
strokes, and psychiatry disorders (Dong et al., 2020; Liao et al.,
2020; Li S et al,, 2021; Cheng et al., 2021). Here, we found that the
number of microglia significantly increased in the hippocampus
of the PPD group mouse brain, suggesting that microglial
activation might be involved in the development of PPD.
Moreover, treatment with MGF significantly inhibited the
increase in microglial number in the hippocampus, suggesting
that the neuroprotective role of MGF might be associated with its
inhibitory effect on microglial activation. To further elucidate the
potential targets of MGF, we performed bioinformatics analysis
and found that MGF targets MAPK signaling, which regulates cell

proliferation, stress response, inflammation, cell differentiation,
and apoptosis (Li Z et al., 2021; Qin et al., 2021; Wang et al., 2021;
Yang et al., 2021). More importantly, the MAPK signal pathway
has been linked to several diseases, including depression (Duman
et al., 2007; Wang and Mao, 2019; Humo et al., 2020). In this
study, we confirmed the inhibitory effect of MGF on MAPK
signaling in vivo and in vitro. Nevertheless, further regulatory
mechanisms must be clarified in the future.

Our results demonstrate that treatment with MGF attenuated
HSP-induced PPD-like behaviors in mice. Mechanistically, we
found that MGF suppressed microglial activation by targeting
and inhibiting MAPK signaling activation, thus inhibiting
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FIGURE 6 | Schematic representation of the mechanism of MGF in treatment of PDD in mice. Treatment of MGF could significantly alleviate the HSP-induced PPD-
like behaviors in mice. Mechanistically, MGF inhibited microglial activation by targeting MAPK signaling in vivo and in vitro.

downstream inflammatory cytokine levels, suggesting a potential
therapeutic target for the clinical treatment of PPD.

MATERIAL AND METHODS

Reagents and Antibodies

MGF (purity >98%) was purchased from Chengdu Desite
Biotechnology =~ (Chengdu, China). [-estradiol (E8875),
dimethyl sulfoxide (DMSO), and LPS were purchased from
Sigma-Aldrich (St. Louis, MO, United States). Progesterone
was obtained from VETEC (V900699). The antibodies used
for western blotting were as follows: Ibal/AIF-1 (E404W)
(#17198), GFAP (E4L7M) (#80788), PSD95 (D27E11) (#3450),
BDNF (#47808), iNOS (D6B6S) (#13120), anti-p-ERK1/2
(Thr202/Tyr204) (#9101), anti-ERK1/2 (#9102), anti-p-p38
MAPK (Thr180/Tyr182) (#4511), anti-p38 MAPK (#9212),
and anti-p-JNK (Thr183/Tyr185) (#9251) were purchased
from Cell Signaling Technology (Beverly, MA, United States).
B-tubulin (#*CW0098A) and B-actin (#CW0096M) were procured
from CWBiotech (Beijing, China).

Mice

Female BALA/c mice (8 weeks old, 20-25 g) were housed in the
animal care facility of our institute. All animal experimental
procedures were approved by the Biological and Medical
Ethics Committee of Minzu University of China. All mice
were maintained under conditions of a 12-h light/dark cycle at
23°C and were provided with food and water.

Cell Culture and Treatment

BV-2 microglial cell lines were maintained in Dulbecco’s
Modified Eagle’s Medium (DMEM, #11965-092, Life
Technologies, Waltham, MA, United States) supplemented
with 10% heat-inactivated fetal bovine serum (FBS, #04-001-
1A, Biological Industries, Israel) and 1% penicillin-streptomycin

solution (#03-031-1B, Biological Industries) at 37°C in a
humidified atmosphere with 5% CO,.

PPD Model

Two-month-old female mice were chosen, and hormone-induced
pseudopregnancy (HSP)-induced PPD models were established
as previously described (Li et al., 2018; Zhang et al., 2021). Mice
were randomly divided into four groups (control, PPD, PPD/low
MGF, and PPD/high MGF). OVX was performed under
isoflurane anesthesia. After 7 days of recovery from OVX
operation, mice in the PPD and PPD with MGF treatment
groups were intraperitoneally injected with (-estradiol (E2,
0.5 g/day) and progesterone (P4, 0.8 mg/day) dissolved in
0.1 ml sesame oil daily for 16 days, resulting in a gradual
increase in the concentration of E2 and P4 in mice to mimic
the increases in hormone levels. Subsequently, mice were
intraperitoneally injected with E2 (10 pug/day) alone for seven
consecutive days to mimic high levels of E2 during pregnancy.
Meanwhile, MGF was administered intragastrically at two
different doses (20 and 60 mg/kg), as indicated in Figure 1.

NST

The NST was performed as previously described, with minor
modifications (Barbieri et al, 2021). Briefly, before the test,
the mice were deprived of food but had free access to water
for 24 h. Each mouse was positioned into the device with food
placed on white paper in the same direction and allowed to freely
explore for 5min. The immobility time of each mouse was
recorded.

FST

One day before the test, mice were allowed to swim in water for
5 min. During the test, the mice were placed in a beaker (volume,
3 L) filled with water at 23-25°C. The total test time was 6 min,
and the immobility time of the mice in the last 4 min was
recorded.
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TST

Mice were placed in the test room 2 h before the test and hung on
the instrument with a clip. Similar to the FST, the total
experimental time was 6 min, and the immobility time of the
mice in the last 4 min was recorded.

Real-Time Quantitative and Reverse
Transcription-PCR

Total RNA was isolated from the hippocampus of mice in each
group using a TRIzol reagent (Invitrogen, cat#15596018), and
1 pg of RNA was used to synthesize cDNA using a one-step first-
strand cDNA synthesis kit (Transgen Biotech, cat#AT341).
Quantitative real-time PCR was performed using a 2 x SYBR
Green PCR master mix (Transgen Biotech, cat#AQ131) and an
Agilent Mx3005P RT-PCR system. The expression levels of the
tested genes were normalized to those of B-actin. The primers for
mouse IL-13, TNF-a, IL-6, and B-actin were as follows:

Mouse IL-1p: Forward: 5-TGTAATGAAAGACGGCAC
ACC-3'; Reverse: 5'-TCTTCTTTGGGTATTGCTTGG-3'.

Mouse TNF-a: Forward: 5'-CAGGCGGTGCCTATGTCTC-
3’; Reverse: 5'-CGATCACCCCGAAGTTCAGTA G-3'.

Mouse IL-6: Forward: 5'-CTACCAAACTGGATATAATCA
GGA-3'; Reverse: 5'-CCAGGTAGCTATGGTACTCCAGAA-3'.

Mouse B-actin: Forward: 5'-GGCTGTATTCCC
CTCCATCG-3"; Reverse: 5'-CCAGTTGGTAACAATGCCATG
T-3".

Western Blotting Analysis

The concentration of the extracted protein was determined using
the BCA assay. Equal amounts of protein were separated by
polyacrylamide gel electrophoresis (SDS-PAGE) and incubated
with the primary antibody overnight at 4°C, followed by
incubation with a secondary antibody (1:5,000) for 1h at
room temperature. An ECL luminescent solution was used for
detection.

Immunofluorescent Staining

After anesthesia, the mice were perfused with normal saline, and
then the whole brain was isolated and fixed with 4%
paraformaldehyde for 24h and dehydrated overnight in 30%
sucrose solution. Whole brain tissue was embedded in OCT and
sectioned using a freezing microtome (Leica CM3050S). Tissue
sections were incubated with anti-goat IBA1 antibody (1:500,
WAKO, Japan) overnight at 4°C with shaking. On the following
day, tissue sections were incubated with secondary antibodies for
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1 h at room temperature. Finally, images were captured using a
laser scanning confocal microscope (Nikon, Tokyo, Japan).

Statistical Analysis

All data are presented as mean + SEM. The significance of the
differences was determined by the f-test and one-way ANOVA
using GraphPad Prism (GraphPad Software, San Diego, CA,
United States). *p < 0.05, **p < 0.01, and ***p < 0.001 were
considered as significant.
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Depression is the most common type of neuropsychiatric illness and has increasingly
become a major cause of disability. Unfortunately, the recent global pandemic of COVID-
19 has dramatically increased the incidence of depression and has significantly
increased the burden of mental health care worldwide. Since full remission of the
clinical symptoms of depression has not been achieved with current treatments,
there is a constant need to discover new compounds that meet the major clinical
needs. Recently, the roles of sigma receptors, especially the sigma-1 receptor subtype,
have attracted increasing attention as potential new targets and target-specific drugs
due to their translocation property that produces a broad spectrum of biological
functions. Even clinical first-line antidepressants with or without affinity for sigma-1
receptors have different pharmacological profiles. Thus, the regulatory role of sigma-1
receptors might be useful in treating these central nervous system (CNS) diseases. In
addition, long-term mental stress disrupts the homeostasis in the CNS. In this review, we
discuss the topical literature concerning sigma-1 receptor antidepressant mechanism of
action in the regulation of intracellular proteostasis, calcium homeostasis and especially
the dynamic Excitatory/Inhibitory (E/I) balance in the brain. Furthermore, based on these
discoveries, we discuss sigma-1 receptor ligands with respect to their promise as targets
for fast-onset action drugs in treating depression.

Keywords: sigma-1 receptors, depression, E/l balance, proteostasis, calcium

INTRODUCTION

Mood disorders are the most common types of neuropsychiatric illness and are increasingly
becoming a major cause of disability (Zhao et al., 2022). Among them, depression is a mainly
persistent mood disorder that negatively impacts the social, vocational and educational aspects of
people’s life (Chen et al., 2021). Furthermore, people suffering from long-term mental stress can
develop mood disorders and they are especially vulnerable to cognitive impairment thus leading to a
poor quality of life. Depression is a commonly occurring and recurrent mood disorder worldwide
that is becoming a matter of global health (He et al., 2022). Unfortunately, the pandemic of COVID-
19 in recent years has only aggravated those conditions (Zhang et al., 2020; Hampshire et al., 2021).
Antidepressants are widely prescribed and act by increasing brain monoamine levels but they have a
disappointingly low response rate (around 50%) and a significant lag period (4-6 weeks) in their
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activities when compared to placebos in clinical trials (de Vries
et al., 2018). Thus, it is urgent to perform further research and
develop new and effective antidepressants.

Sigma receptors are divided into two subtypes (sigma-1 and
sigma-2 receptors) and recently, the sigma-1 receptor, a type of
chaperonin (28 kD), has attracted increasing attention for its
broad spectrum of biological functions and as a potential target
for drugs treating many medical conditions. Extensive research
has revealed that sigma receptors play pivotal roles in the etiology
of CNS diseases, including Alzheimer’s disease (Maurice et al.,
1998), Parkinson’s disease (Francardo et al., 2014), schizophrenia
(Hashimoto, 2009a; Takizawa et al., 2009), Huntington’s disease
(Bol'Shakova et al., 2017; Vetel et al.,, 2021), ischemic stroke
(Urfer et al., 2014), drug addiction (Meunier et al, 2006),
analgesia (Davis, 2015; Shin et al., 2020), depression (Kulkarni
and Dhir, 2009; Salaciak and Pytka, 2022), anxiety (Kulkarni and
Dhir, 2009; Wang et al.,, 2019; Salaciak and Pytka, 2022) and
cognitive disorders (Salaciak and Pytka, 2022). Among them,
mental disorders and cognitive deficits are currently the most
widely studied areas. Agonist-associated ligands targeting the
sigma receptor system have entered clinical trials (Ye et al,
2020) and have already been shown to be beneficial for
patients suffering from these types of psychiatric disorders.
Herein, based on preclinical studies, we discuss the functions
and roles of sigma-1 receptors, mainly in depression, and we
highlight the potential mechanism of action involved and
therapeutic development as well as discussing future directions
in this field.

Sigma-1 Receptor Localization and Biologic
Effects

The sigma-1 receptor is encoded by the sigma-1 gene and was
initially classified as an opioid receptor subtype (Ye et al., 2020),
but subsequent research has illuminated a vast and unique array
of structural phenotypes and a unique amino acid sequence
distinct from other mammalian transmembrane proteins
(Kruse, 2017; Ossa et al., 2017). More information about the
discovery history of sigma-1 receptors has been published (Ye
et al, 2020). Sigma-1 receptors are resident proteins of the
endoplasmic reticulum (ER) and are predominantly localized
in the cholesterol-rich region of ER mitochondria-associated
membranes (MAM) (Schmidt and Kruse, 2019; Voronin et al.,
2020). This protein is identical in peripheral tissues and in the
brain, and probably is similar in other tissues as well (Rousseaux
and Greene, 2016; Schmidt and Kruse, 2019). In the brain, sigma-
1 receptors are distributed most abundantly in the hippocampus
and hypothalamus, followed by the cerebellar area, the dorsal
raphe nucleus (DRN) and the locus coeruleus (LC) (Voronin
et al., 2020; Salaciak and Pytka, 2022), and are mainly expressed
in neurons and glial cells in the brain (Nguyen et al., 2015). These
various sites are related to cognition and motor, emotion and
endocrine functions, and are also further involved in the
pathophysiology of psychiatric disturbances of depression
(Voronin et al, 2020). In normal conditions, sigma-1
receptors are able to form Ca®*-sensitive complexes with the
main ER chaperone binding immunoglobulin protein (Bip)
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(Weng et al, 2017; Schmidt and Kruse, 2019). However,
specific activation of sigma-1 receptors, upon ligand-directed
activation, leads to their separation from Bip, after which they
can translocate to multiple cellular destinations, including
mitochondrial membranes, nuclear membranes and plasma
membranes to elicit their biological functions such as
stabilizing IP3R, maintaining Ca®* flow from the ER to
mitochondria and producing ATP (Rousseaux and Greene,
2016; Kruse, 2017; Ossa et al., 2017; Weng et al., 2017;
Schmidt and Kruse, 2019; Voronin et al., 2020; Ye et al., 2020).

Sigma-1 Receptors Are Involved in

Proteostasis and Calcium Homeostasis
Many aspects of proteostasis have been shown to be critical to
normal cellular biological functions and disturbances in this
homeostasis can lead to abnormal cellular functions, shorter
cellular lifespans and can provide a pathological basis for
disease development (Suhm et al., 2018). Proteostasis has been
found to be closely involved in the pathogenesis of diseases such
as depression, Huntington’s chorea, Parkinson’s disease,
Alzheimer’s disease (Fornai and Puglisi-Allegra, 2021) and
most cancers (Arpalahti et al, 2020). The abnormal
aggregation of damaged proteins wusually occurs in
neurodegenerative diseases and other age-related disorders
(Kurtishi et al, 2019; Lopez-Otin and Kroemer, 2021).
Therefore, maintaining the protein homeostasis of cells is
essential to ensure normal brain conditions. Calcium ions are
essential in maintaining normal cell biology, regulating cell
membrane excitability by rapid depolarization, acting as
secondary messengers and regulating protein activity and gene
expression (Nicholls, 1986). In depression, calcium has been
reported to be involved in neuroplasticity within neuronal
circuits (Deutschenbaur et al, 2016), a significant role that
was confirmed in a clinical trial (Bertone-Johnson et al., 2012).
Available studies have revealed that sigma-1 receptors play an
important role in the regulation of both types of homeostasis
conditions. Herein we focused on the regulation of both types of
homeostasis by sigma-1 receptors in depression.

The Unfolded Protein Response (UPR)

Impaired cellular proteostasis contributes to the pathogenesis
of depressive disorders (Ii and Dwivedi, 2019; Mao et al,
2019). Long term chronic emotional stress eventually leads
to cellular stress, which is partly reflected in ER stress
(Hayashi, 2015; Seo et al., 2017). The universal cellular
response to ER stress is the activation of adaptation
processes aimed at maintaining proteostasis (Hetz, 2012).
Sigma-1 receptors have been shown to modulate the ER
stress response and the subsequent UPR, which can
influence protein stability and localization (Ho et al., 2018),
through binding and modulating the ER stress response via the
ER stress sensor inositol-requiring enzyme 1 (IRE1) (Rosen
et al., 2019; Delprat et al., 2020). In fact, a large number of
proteins that are included in the UPR are considered
promising targets for pharmacological regulation in various
deleterious conditions (Almanza et al., 2019).
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In a series of animal behavioral experiments, increases in the
expression of genes associated with the UPR and inflammation
account for the pronounced depressive-like behaviors
(Timberlake et al, 2019). In primary cultures of mouse
hippocampal neurons, glutamate-dependent induction of the
IRE1-XBP1 signaling pathway in distal dendrites facilitated the
expression of brain-derived neurotrophic factor (BDNF) in the
bodies of neurons. It has also been suggested that BDNF drives its
own expression via activation of the PKA-IRE1-XBP1 cascade in
dendrites thus regulating neurite development (Saito et al., 2018).
Mori et al. (Mori et al., 2013), revealed that a sigma-1 receptor
agonist stabilized IRE1 in the MAM region and activated the
transcription factor X-box-binding protein 1 (XBP1), which may
modulate BDNF expression and further regulate the anti-
depressive effect. In regard to the UPR involvement in
inflammation, sigma-1 receptors regulate IRE1 activity in vivo,
in LPS-treated sigma-1 receptor knockout mice, and enhance
IRE1 activation and the inflammatory response observed (Rosen
et al., 2019).

Together, these data demonstrate the substantial contribution
of UPR processes to the pathogenesis of depression. The agonistic
effect on sigma-1 receptors ensures the regulation of ER stress
sensors, the activation of transcription factors, the increased
expression of the BDNF gene, anti-inflammation proteins and
chaperones. The combination of these processes probably
contributes to the survival of neurons in target areas of the
brain and the development of antidepressant action.

Sigma-1 Receptors Directly Modulate the
Biophysical Properties of Ca®* lon Channels

Sigma-1 receptors have been shown to associate with and directly
regulate voltage-gated ion channels (VGICs) that belong to all
superfamilies (Na*, K™ and Ca**) and ionotropic glutamate
receptors (NMDARs) (Aishwarya et al, 2021). These
considerations make Sigma-1 receptors powerful and
pluripotent regulators of neuronal activity, from synaptic
transmission to intrinsic excitability. Thus, sigma-1 receptors
may have great significance in the regulation of Ca®'-
dependent mechanisms of antidepressant action.

It is well known that Ca** controls neuronal activity and plays
an important role in many use-dependent forms of
neuroplasticity induced by BDNF and glutamatergic
mechanisms (Catterall, 2010; Baydyuk et al., 2015). Sigma-1
receptors were reported to modulate the intracellular Ca**
concentration through both the regulation of membrane
voltage-gated Ca®* channels and Ca®" mobilization from
endoplasmic stores (Monnet, 2005; Su et al, 2010). Tchedre
et al. (Tchedre et al, 2008) showed that sigma-1 receptor
activation with (C)-SKF-10047 inhibits Ca®" currents, while
that effect was reversed by a sigma-1 receptor antagonist BD-
1047, which appears to be mediated directly through sigma-1
receptor binding to L-type voltage-gated Ca** channels.
Consistent with these findings, sigma-1 receptors also inhibit
store-operated Ca*" entry by diminishing the coupling of stromal
interaction molecule 1 (STIM1) to calcium release-activated
calcium channel protein 1 (Orail) (Srivats et al., 2016).

Sigma-1 Receptors in Depression

Besides voltage-gated Ca®" channels, sigma-1 receptors also
regulate non-voltage-gated Ca**-permeable channels via direct
protein-protein interactions (PPI), including IP3 receptors at the
ER level and plasma membrane acid-sensing ion channels la
(ASICla) (Mari et al.,, 2015).

In an animal behavior model, Ca**-dependent mechanisms
have been proven to be involved in the mechanism of the
antidepressant effect. Urani et al. (Urani et al., 2002) reported
that EGTA, a Ca®" chelator, when administered to Swiss mice
10 min before a forced swim test (FST), had no effect on their
immobilization time, but abolished the antidepressant-like action
of igmesine (a selective sigma-1 receptor agonist) in a dose-
dependent manner. Similarly, verapamil, a Ca®* channel blocker,
had a comparable effect (Urani et al., 2002). In fact, intracellular
Ca®* modulators also play an important role in the action of
igmesine; more information is summarized in (Guo et al., 2020).

When it comes to the Ca** signal pathway, Calmodulin-
dependent protein kinases (CaMKs) are inevitably involved.
Among them, CaMKIV and CaMKII have been intensively
studied and are involved in the transcription factor CREB-
mediated BDNF signal pathway (Voronin et al, 2020).
CaMKIV/II is an intracellular Ca*'-sensitive sensor. High
concentrations of Ca®* activate CaMK IV/II, and then
eventually activate (phosphorylate) intermediates in the ERK1/
2 and mTOR pathways (Cabanu et al., 2022), thus inducing a
rapid synthesis of PSD95 as well as facilitating the
phosphorylation of CREB, thus boosting the expression of
BDNF involved in neuroplasticity (Fukunaga and Moriguchi,
2017) (Figure 1). Moriguchi et al. (Moriguchi et al., 2015) used a
CaMK deficiency strategy in vivo to reveal that the mechanism of
antidepressant action of sigma-1 receptors may be due to
regulation of the intracellular Ca®" level and activation of an
alternative CaMKII-dependent mechanism for controlling the
expression of BDNF. Moreover, chronic administration of
fluoxetine and paroxetine to CaMKIV ™'~ mice did not cause a
pronounced antidepressant-like effect or the induction of
neurogenesis in the hippocampal dentate gyrus (Moriguchi
et al,, 2015). In contrast, administration of the selective agonist
SA4503 or fluvoxamine (with a high affinity for Sigma-1 receptor)
for 2 weeks caused a decrease in the immobilization time of
CaMKIV ™" mice in the FST and the tail suspension test (TST),
while those effects were abolished by preliminary treatment with
the sigma-1 receptor antagonist NE-100 (Moriguchi et al., 2015).
The abovementioned evidence indicates that a significant role of
sigma-1 receptors in regulating Ca**-dependent mechanisms of
antidepressant action may not only be related to extracellular
Ca®" influx but also to intracellular Ca®>" homeostasis (Urani
et al., 2002; Choi et al., 2022).

SIGMA-1 RECEPTORS REGULATE
EXCITATORY AND INHIBITORY BALANCE

The classic “monoamine hypothesis” underlies the development
of most clinical antidepressants that primarily exert their effects
by enhancing the function of monoamine transmitters (Li, 2020).
The translocation property of sigma-1 receptors allows them to
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FIGURE 1 | Schema of intracellular signaling pathways involved in the antidepressant-like effects of sigma-1 receptors. (A) Sigma-1 receptors are activated and
translocated to the plasma membrane to interact with the NMDAR of pyramidal cells, which would result in a rapid intracellular activation of CaMKII that would eventually
activate (phosphorylate) intermediates in the ERK1/2 and mTOR pathways, thus inducing a rapid synthesis of PSD95, BDNF etc; (B) Sigma-1 receptors are activated
and then disassociate from Bip thus stabilizing IP3R, maintaining the Ca** flow from the ER to mitochondria and ATP production; (C) Sigma-1 receptor activates

and thus binds and modulates the ER stress response via ER stress sensors IRE1 and facilitates BDNF expression via the IRE1-XBP1 signaling pathway. (D) Sigma-1
receptors may also modulate 5SHT1A function through sigma-1 receptor-5HT1A interaction.

Synaptic proteins

Antidepressant
effects

BDNF <

modulate proteins directly not only at the ER-mitochondrion
interface but also at the membrane where many ion channels,
receptors and kinases are found, rendering sigma-1 receptors a
unique inter-organelle signaling modulator in living tissues,
including the CNS that we focused on (Su et al, 2010). In
recent years, an increasing body of evidence suggests that
sigma-1 receptors directly interact with proteins at neuronal
cell membranes (more information is reviewed in (Ryskamp
et al,, 2019)) and enhance neurotransmission (Bermack and
Debonnel, 2001; Bermack and Debonnel, 2005; Sambo et al.,
2017; Sambo et al., 2018). The active roles of sigma-1 receptors in
the regulation of neurotransmission, including the glutamatergic,
GABAergic, serotonergic, dopaminergic (Sambo et al., 2018) and
noradrenergic systems (Dhir A. and Kulkarni SK., 2008), is well
documented. Those neurotransmission systems may form the
basis for the dynamic balance of E/I neural networks in the brain.
Especially, sigma-1 receptors have been reported to regulate
presynaptic glutamate release and modulate NMDA receptor
activity via direct PPI associations (Kourrich, 2017).
Furthermore, sigma-1 receptor activation can also lead to
alterations in NMDA receptors that upregulate and traffic to

the plasma membrane thus further modulating neuronal intrinsic
excitability (Pabba et al., 2014). In addition, Mtchedlishvil et al.
found that pregnenolone and a selective sigma-1 receptor agonist
(SKF-10047) inhibit the GABA-dependent inhibitory
postsynaptic currents in rat hippocampal cell cultures
(Mtchedlishvili and Kapur, 2003). We therefore suggest that
sigma-1 receptors may regulate the E/I balance in direct or
indirect manners. Importantly, there is abundant evidence that
the medial prefrontal cortex (mPFC) or the hippocampus rely on
the dynamic balance between E/I neurotransmitters for various
advanced functions, such as emotion regulation and expression,
as well as cognitive functions. Those two neurotransmitters
achieve a dynamic balance to maintain normal physiological
function under normal circumstances (Ferguson and Gao,
2018). Preclinical studies have shown that chronic stress can
lead to decreased E/I neurotransmitter transmission in the mPFC
(Fee et al., 2017). Consistent with this, a recent study found that
chronic stress can lead to decreased glutamate and GABA
neurotransmitter transmission in rat mPFC (Fee et al., 2017;
Duman et al, 2019). In this context, GABAergic and
glutamatergic neurotransmission may be almost rebalanced
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but the synapses remain impaired, thus the E/I rebalance may be
at a low level. However, we recently found in our laboratory that
regulation of the E/I rebalance in the mPFC may be an important
mechanism and rate-limiting step in the efficacy of
antidepressant effects (Yin et al., 2021).

The glutamatergic and GABAergic as well as serotonergic
systems are heavily implicated in antidepressant actions. In this
section, we mainly focused on the possible mechanisms by which
sigma-1 receptors exert their antidepressant effects through the
regulation of E/I balance by theseneurotransmitter systems.

Sigma-1 Receptors and Glutamatergic

Neurotransmission

Cortical excitability reflects a balance between E/I. Glutamate is
the main excitatory neurotransmitter in the mammalian cortex
(Petroff, 2002). Glutamate receptors have been pharmacologically
classified as ionotropic and metabotropic receptors. Ionotropic
glutamate receptors include the N-methyl-p-aspartic acid
(NMDA) receptor (GluNs/NMDAr, GluAs), a-amino-3-
hydroxy-5-methylisoxazole-4-propionic acid (AMPA) and
kinase families of receptors. In this review, we will focus on
NMDA and AMPA receptors due to their close link to depression
and/or antidepressant action (Bermack and Debonnel, 2005). It
appears that glutamatergic neurotransmission is altered during
depressive episodes (Sanacora et al, 2003; Bermack and
Debonnel, 2005; Duman et al., 2019). In addition, a clinical
study revealed that glutamate metabolism differed significantly
between depressed patients and controls (Paul and Skolnick,
2003), while those differences can be resolved with chronic
antidepressant treatments (Mauri et al., 1998).

Similarly, numerous studies have shown interactions between
sigma receptor and NMDA-receptor mediated responses in
neurotransmission. The regulation of sigma-1 receptors with
GluN1 can be explained by the PPI (Balasuriya et al., 2013)
and an increase in its phosphorylation by protein kinases A and C
(PK A/C) under sigma-1 receptor ligand activation of the
chaperone protein (Kim et al., 2008). Moreover, Pabba et al.
(Pabba et al., 2014) reported that a robust upregulation of
GluN2A and GluN2B subunit expression was observed after
treatment with the sigma-1 receptor agonist pentazocine
(PTZ) or SKF-10074 injection and chronic administration of
BD1047 prevented that effect. Conversely, a decreased protein
level of GIuN1 in the prefrontal cortex, hippocampus and
amygdala was observed in a depression rat model while a two-
week administration of SA4503 caused an anti-depressive-like
effect, accompanied by a restoration of the GluN1 level (Wang
et al., 2007).

Furthermore, in a sigma-1 receptor function deficient
mouse model, sigma-1 receptor knockout (KO) mice are
characterized by an inhibition of neurite outgrowth and
impaired GluN2b function in the hippocampal dentate
gyrus (Sha et al, 2013). Conversely, a study by Snyder
et al. (Snyder et al,, 2016), reported that compared to wild-
type (WT) mice, AMPA receptor and NMDA receptors were
unaffected in sigma-1 receptor KO mice. However, in regard
to NMDA receptor-dependent long-term potentiation (LTP)

Sigma-1 Receptors in Depression

and neuronal plasticity, sigma-1 receptor KO mice showed a
mild deficiency (Snyder et al,, 2016; Zhang et al., 2017).

Interestingly, sigma-1 receptor agonists increased the
expression of GluN2A and GluN2B subunits and
postsynaptic density protein 95 (PSD-95), which is

required for synaptic plasticity associated with NMDA
receptor signaling (Pabba et al, 2014). Thus, sigma-1
receptors may play an important role in NMDA-receptor
mediated functions, e.g., depression and cognitive disorder.
On the other hand, sigma-1 receptors involved in a “long
feedback loop” participated in the NMDA-receptor mediated
antidepressant effect. Sustained treatments with sigma-1
ligands lead to a potentiation of NMDA-receptor-mediated
responses in the mPFC and/or other brain regions, which in
turn could lead to the modulation of serotonergic
neurotransmission in the DRN (Peyron et al, 1998;
Bermack and Debonnel, 2005). Overall, sigma-1 receptors
have been indicated to be involved in the mechanism of
action of antidepressants via the regulation of
glutamatergic neurotransmission.

Sigma-1 Receptors and GABAergic

Neurotransmission
Chronic stress induced emotional disorders such as anxiety and
depression involve imbalances between the excitatory

glutamatergic system and the inhibitory GABAergic system in
the PFC, GABA being the main inhibitory neurotransmitter in
the mature mammalian CNS (Page and Coutellier, 2019)
(Figure 2). Moreover, the majority of data on GABAergic
deficiencies in depression have been gathered and
demonstrated by means of indirect/direct methods, such as
assessments of GABA levels in cerebrospinal fluid (CSF), brain
specimens obtained post-mortem, by brain imaging, or by other
pharmacological studies (Della et al., 2021). There is currently
little compelling evidence that any sigma receptor(s) interacts
with GABA receptors directly in vivo. Recent evidence has
revealed that sigma-1 receptors modulate GABA uptake,
transport-mediated release and exocytosis. Interestingly, a
sigma-1 receptor antagonist decreased glutamate release but
induced a biphasic response for GABA, while low doses of
NE-100 increased GABA uptake, and with increasing doses,
the uptake rate decreased (Pozdnyakova et al, 2020).
Neurosteroids are a class of endogenous steroids that have
potent effects on GABA receptors. In a circulating
neurosteroid deficient rat model, Ago et al. (Ago et al., 2016)
suggested that interactions between brain 5-HT1A and sigma-1
receptors may contribute to the treatment of GABA, receptor
deficit-related psychiatric disorders. On the other hand, a sigma-1
receptor deficiency reduces GABAergic inhibition in the
basolateral amygdala leading to long term depression (LTD)
impairment and depressive-like behaviors (Zhang et al., 2017).

Importantly, sigma-1 receptors may be involved in the
“long feedback loop” that projects from the dorsal DRN to
the mPFC and back to the DRN (Bermack and Debonnel,
2005). Hypidone hydrochloride (YL-0919) is a new
antidepressant with a novel chemical structure that was
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FIGURE 2 | Schema of the dynamic balance of GABAergic and glutamatergic neurotransmission. (A) In a normal mood status, GABAergic and glutamatergic
neurotransmission are balanced; (B) Acute stress can result inimbalances between GABAergic and glutamatergic neurotransmission; (C) Further adaptation to chronic
stress may result in a new balance of GABAergic and glutamatergic neurotransmission but at lower levels, contributing to depression; (D) Regulating 5-HT-Glu/GABA
long neural circuit through treatment with sigma-1 receptor ligands has the potential to rapidly restore the primary balance and level.

Chronic stress or Sigma-1 ligands

developed by our laboratory, which has been found to have a
high affinity for sigma-1 receptors (unpublished data). A
recent study suggested that YL-0919 preferentially inhibits
GABAergic neurons and reduces inhibitory input to
pyramidal neurons, and that 5-HT1A receptor participates
in the inhibition of GABA neurons thus regulating the E/I
balance related to depression (Zhang et al., 2021). In general,
inhibition of the spontaneous release of GABA may facilitate
the release of other neurotransmitters throughout the CNS,
thus altering the functions of other neurotransmitter systems.
However, further study is essential to investigate whether
sigma receptors are involved in this regulation in a direct
and/or indirect manner.

Effect of Sigma-1 Receptors on

Serotonergic Neurotransmission

When it comes to antidepressant effects, the 5-HT system is
necessarily involved. It is well known that 5-HT plays a key
role in depression and/or the mechanism of action of
antidepressants (Liu et al., 2017; Miquel-Rio et al., 2022).
Both animal behavioral experiments and electro-physiological
studies revealed that sigma-1 receptors increase 5-HT
neurotransmission exerting antidepressant effects through
various mechanisms. In a behavioral model, progesterone
and BD-1047 (a sigma-1 receptor antagonist) counteracted
the antidepressant-like effect induced by co-administration of
pramipexole and sertraline (Rogoz and Skuza, 2006). In
addition, in cell assays, classical antidepressants
(fluvoxamine, etc.) significantly potentiated the NGEF-
induced neurite outgrowth, and the effects of all these
drugs were antagonized by NE-100. Furthermore, the

similar effects of mirtazapine were abolished by the 5-
HTI1A receptor antagonist WAY-100635 (Ishima et al,
2014). In another behavioral study, the sigma receptor
ligand EMD- 57445 did not affect several 5-HT related
parameters such as 8-OH-DPAT-induced behavioral
syndrome or L-5-hydroxytryptophan-induced head twitches
(Skuza et al., 1997). Thus, the effects of sigma-1 receptors on
the 5-HT system seem to be controversial and fortunately
electrophysiological experiments on 5-HT neurons have given
us more direct evidence that sigma-1 receptors enhance
serotonergic neurotransmission in a rapid manner
(Robichaud and Debonnel, 2004; Lucas et al., 2008).
Previous studies have shown that acute and short-term
treatments with SSRIs lead to a decreased firing activity of 5-HT
DRN neurons, while long-term treatments lead to the restoration of
5-HT firing activity and this phenomenon explains the delayed onset
of the action of SSRIs (Le Poul et al., 2000). Based on this model,
Bermack and Debonnel assessed the effects of sigma-1 receptor
ligands on the firing activity of 5-HT neurons in the DRN using an
electrophysiological model with in vivo extracellular recording. Their
study provided direct evidence that sigma-1 receptors are involved in
serotonergic neurotransmission (Bermack and Debonnel, 2001). In
that study, an increase in firing rates of 5-HT neurons of the DRN
was observed after short term (2-days) or long-term (21-days)
treatments with (+)-pentazocine, while those effects were
completely abolished by co-administration of NE-100 (10 mg/kg/
day) (Bermack and Debonnel, 2001). Similar evidence was found in
another study (Lucas et al, 2008), where a 2-days continuous
treatment with SA-4503 (1-40 mg/kg/day) increased the 5-HT
neuron firing rate in a dose-dependent manner. Moreover, the
firing rate of pyramidal neurons was recorded in the CA3
subfield of the hippocampus in further studies, the results
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suggesting that WAY100635 had a clear excitatory action in rats
receiving chronic treatment of SA- 4,503 (10 mg/kg/day) for 2 days
(Lucas et al., 2008; Maurice, 2021). Thus, facilitation of the 5-HT
neuron firing rate induced by 2-days treatment with SA-4503
translated into the appearance of a 5-HT1A-mediated tonic
inhibitory effect on CA3 pyramidal neurons, which may be
involved in a 5-HT-Glu/GABA long neural circuit. In this way,
sigma-1 receptors may be involved in modulating 5-HT neuronal
activity and the E/I balance by 5-HT transporter combined with
some receptors such as 5-HT1A (Li, 2020).

Importantly, these experiments show that sigma-1 receptor
ligands have the potential to work as antidepressants with a
rapid onset of action, due to an increase in 5-HT neuron firing
activity after drug administration in just 2 days, a more rapid
and robust anti-depressive effect than the majority of known
antidepressant medications (Bermack and Debonnel, 2001).

Sigma-1 Receptors and Other

Neurotransmission System

In addition to the three neurotransmitter systems mentioned
above, sigma-1 receptors also act on other neurotransmitter
systems in the brain, including dopamine (DA)
neurotransmission, noradrenaline (NE) neurotransmission and
acetyl choline (Ach) neurotransmission (Katz et al, 2016).
Among them, sigma-1 receptors modulate depression by
acting on dopamine neurotransmitters is widely reported. For
instance, PTZ enhances the antidepressant activity of the
dopamine reuptake inhibitor bupropion while sigma-1
receptor antagonist reversed the effects (Dhir A. and Kulkarni
S., 2008). Likewise, ropinirole (a D2/3 dopamine receptor
agonist), elicited a significant anti-immobility effect in FST or
EST, and the reduced immobility time exhibited by ropinirole
attenuated by a sigma-1 receptor antagonist (Dhir and Kulkarni,
2007). These results reflect the regulatory role of sigma-1 receptor
on the dopaminergic system in the brain. However, researchers
have not intensively explored the potential mechanism of this
unexpected results. Fortunately, the results of studies in recent
years on sigma-1 receptors and DA neurotransmission in other
disease models may help us to solve this confusion. Borroto-
Escuela et al. (Borroto-Escuela et al., 2017) reported that cocaine
self-administration induced a selective and significant increase in
the density of D2R-sigma-lreceptor positive clusters in the
nucleus accumbens shell. Furthermore, the formation of the
D2R-sigma-1 receptor heterodimer enhanced the ability of
acute cocaine to increase the function of the D2R protomer
and significantly reduced its internalization (Borroto-Escuela
et al, 2019). In fact, receptor-receptor interactions in
heterogeneous receptor complexes are widely present in CNS
and are involved in the regulation of a variety of neuropsychiatric
dysfunctions (Borroto-Escuela et al, 2020). Especially, the
translocator property of the sigma-1 receptors gives it the
opportunity to form heteroreceptor complexes with a variety
of receptors to enhance the function of the original receptors, and
this partly explains why sigma-1 receptor antagonists can block
many of the unexpected effects aforementioned. The sigma-1
receptor complexs appear to hold the highest promise, it not only

Sigma-1 Receptors in Depression

provides a new vision for our future research, but also a new
strategy for the treatment of depression.

SIGMA RECEPTOR LIGAND
DEVELOPMENT FOR TREATING CLINICAL
DEPRESSION

Sigma-1 receptors are recently explored targets for treating
depression and anxiety. Many antidepressants that are
currently marketed are known to act through the sigma-1
receptor pathway (Hashimoto, 2009b). Furthermore, some
novel compounds based on the sigma-1 receptor confirmation
are being synthesized and tested in depressive animal models,
more information reviewed in (Salaciak and Pytka, 2022).
Although the exact therapeutic contribution of sigma-1
receptor binding remains to be unraveled, available data
suggests that the anti-depressive efficacy is partly ascribed to
sigma-1 receptor modulation. Some of the ongoing or completed
clinical studies of sigma receptors are listed in Table 1. Herein, we
focus on clinical advances in the treatment of depression with
sigma-1 receptor ligands.

Igmesine (JO-1784), one of the first discovered sigma-1
receptor ligands, was investigated in a clinical study of major
depression in 1999 (Pande et al.,, 1999). Igmesine (25 mg/day)
showed a statistically significant superiority over the placebo in
the outpatient group, however, the compound ultimately failed to
be effective in phase III clinical trials (Pande et al., 1999). SA-4503
(Cutamesine) is an orally available, potent and highly selective
sigma-1 receptor agonist. Cutamesine not only decreased the
immobility time in the FST but also played an anti-depressive-like
behavior in an olfactory bulbectomized rat model of depression.
In 2007, a phase II clinical study of SA4503 was performed, where
SA4503 was given once daily for 8 weeks and then tested to
determine safety and efficacy in 150 subjects with major
depression. However, the trial data and outcome summaries
have yet to be released (NCT00551109).

The sum of these results suggests that sigma-1 receptors affect the
release of various neurotransmitter systems that have been shown to
be involved in the pathophysiology of depression. We conclude that
sigma-1 receptor agonists may have an antidepressant activity and are
expected to be effective drugs for treating depression in the future.
However, inconclusive results from different clinical trials have led to
setbacks in the further development of these molecules for the
treatment of depression.

DISCUSSION AND CONCLUSION

Depression is a common mental disorder that affects approximately
300 million people worldwide (Zhao et al, 2022). Even worse,
according to a scientific brief that was recently released by the
World Health Organization (WHO), the COVID-19 pandemic
triggered a 25% increase in the prevalence of anxiety and
depression globally, which poses a significant challenge to mental
health care (Who, 2022). Classical “monoamine strategy” drugs
mostly target a series of defects in clinical applications. Therefore,
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TABLE 1 | Sigma-1 receptor agonists in clinical studies.

Sigma-1 Agonist Conditions

SA-4503 Major depressive disorder

Acute ischemic stroke

Huntington disease
levodopa-induced dyskinesia
Huntington’s disease

Huntington’s disease

Alzheimer’s disease

Rett syndrome

Parkinson’s disease with dementia
Mild to moderate Alzheimer’s disease
Alzheimer’s disease

Mild to moderate Alzheimer’s disease
Mild cognitive impairment

Major depression

Pridopidine

ANAVEX2-73

T-817MA (Edonerpic Maleate)

lgmesine

there is an increasing interest in investigating modern monoamine
(optimized multi-targets) strategies with faster-acting and fewer side-
effects. In this way, sigma-1 receptors have entered the limelight, with
their translocation property allowing them to modulate proteins
directly.

To date, at least 49 proteins with highly divergent sequences and
structures have been reported to interact with sigma-1 receptors. Due
to the complicated nature of their effects on the downstream signaling
pathways, it is not surprising that sigma-1 receptors play a role in
maintaining the balance of glutamatergic, GABAergic, serotonergic,
noradrenergic, and dopaminergic systems in the brain (Katz et al,
2016). As mentioned earlier, in vivo electrophysiological recordings
revealed that sigma-1 receptor agonists, such as (+)-pentazocine or
SA-4503, markedly increased 5-HT neuron firing after 2 or 21 days of
treatment while a selective sigma-1 receptor antagonist, NE-100,
blocked those effects. In addition, SA-4503 at 10 mg/kg/day induced
the appearance of a 5-HT1A-mediated inhibitory tonus on
hippocampal pyramidal neurons, as revealed by intravenous
injections of the selective 5-HT1A antagonist WAY100635. In
fact, recent findings from our laboratory revealed a similar
phenomenon, where YL-0919 (mentioned above as a potential
sigma-1 receptor ligand) significantly inhibited the excitability of
GABAergic neurons in GAD67-GFP transgenic mice. Moreover, the
inhibition of GABAergic neurons by YL-0919 was abolished by
pretreatment with WAY100635 (Zhang et al., 2021). Although we
need to further investigate the specific regulatory mechanisms of this
discovery, it further strengthens the idea that the 5-HT system plays a
central role in the “antidepressant-like” properties of sigma-1
receptors. This antidepressant mechanism may be involved in the
“monoamine(5-HT)-Glu/GABA long neural circuit” (more
information is reviewed by Prof Li (Li, 2020)), and E/I
rebalancing should be the critical rate-limiting step for the onset
of action. It is important to note that available studies on sigma-1
receptors in relation to the 5-HT system are limited, and still lack
direct evidence that sigma-1 receptors regulate 5-HT release in the
brain. Moreover, some clues have suggested that sigma-1 receptors
play a positive role in regulating the 5-HT system, and many
antidepressants are known to act via the sigma-1 receptor
pathway, even classical SSRIs with or without affinity for sigma-1
receptors have different pharmacological profiles. In the future,

Clinic phase

Phase 2 unreleased
Completed

Phase 3 recruiting
Phase 2 recruiting
Completed
Completed

Phase 2b/3 recruiting
Phase 2 recruiting
Phase 2 recruiting
Phase 2 active
Completed

Phase 2 completed
Phase 2 recruiting
Completed
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ClinicalTrials.gov identifier

NCT00551109 (2007)

NCT00639249 (2008)

NCT04556656 (2020)

NCT03922711 (2019)

NCT00724048 (2008)

NCT00665223 (2008)

NCT04314934 (2020) NCTO3790709 (2018)
NCT04304482 (2020) NCT03941444 (2019)
NCTO03774459 (2018)

NCT02756858 (2016)

NCT02244541 (2014)

NCT02079909 (2014) NCTO0663936 (2008)
NCT04191486 (2019)
https://doi.org/10.1016/S0924-977X(99)80011-X (1999)

whether sigma-1 receptors can interact directly with the serotonin
transporter (SERT), 5HTIA, etc. needs further confirmation
(Figure 1). Besides, if sigma-1 receptors are activated by pre-
administered sigma-1 receptor agonists, is it possible that there
will be a higher affinity with 5HT1A? These considerations may
be a breakthrough for clarifying the roles of sigma-1 receptors in the
regulatory mechanisms of depression.

The pharmacological antidepressant-like effects of sigma-1
receptor ligands tested in animal models and in human clinical
trials showed somewhat useful effects, and sigma-1 receptor
ligands seem to be potential psychotherapeutic agents.
However, there are no drugs that selectively target sigma-1
receptors on the market at this time, which does not mean
that the development of drugs targeting sigma-1 receptors is
not promising. In contrast, to clearly define the molecular
mechanisms of sigma-1 receptors in depression requires more
direct evidence and another major concern is regarding the safety
profiles of these potential drugs. In the circumstances of the
global COVID-19 pandemic, the “magic molecule” sigma-1
receptor may provide new hope. Sigma-1 receptors play an
important role in the replication of SARS-CoV-2 in cells and
thus serve as a promising therapeutic target for COVID-19
infections (Hashimoto et al, 2022). In this way, the
development of antidepressants based on sigma-1 receptor
targets appear to be “game changers” for people with COVID-
19, such as the widely available fluvoxamine etc.
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Background: A sharp decline in neural regeneration in patients with Alzheimer’s disease
(AD) exacerbates the decline of cognition and memory. It is of great significance to screen
for innovative drugs that promote endogenous neural regeneration. Cytisine N-methylene-
(5,7,4'-trinydroxy)-isoflavone (LYO1) is a new compound isolated from the Chinese herbal
medicine Sophora alopecuroides with both isoflavone and alkaloid characteristic
structures. Its pharmacological effects are worth studying.

Objective: This study was designed to determine whether LYO1 delays the cognitive and
memory decline in the early stage of AD and whether this effect of LYO1 is related to
promoting neural regeneration.

Methods: Eight-week-old 5xFamilial Alizheimer’s Disease (5xFAD) mice were used as
disease models of early AD. Three doses of LYO1 administered in two courses (2 and
5 weeks) of treatment were tested. Cognition, memory, and anxiety-like behaviors in mice
were evaluated by the Morris water maze, fear conditioning, and open field experiments.
Regeneration of neurons in the mouse hippocampus was observed using
immunofluorescence staining. The effect of LYO1 on cell regeneration was also
demonstrated using a series of tests on primary cultured neurons, astrocytes, and
neural stem cells (NSCs). In addition, flow cytometry and transcriptome sequencing
were carried out to preliminarily explored the mechanisms.

Results: We found that LYO1 reduced the decline of cognition and memory in the early
stage of 5xFAD mice. This effect was related to the proliferation of astrocytes, the
proliferation and migration of NSCs, and increases in the number of new cells and
neural precursor cells in the dentate gyrus area of 5xFAD mice. This phenomenon
could be observed both in 2-week-old female and 5-week-old male LYO1-treated
5xFAD mice. The neuronal regeneration induced by LYO1 was related to the regulation
of the extracellular matrix and associated receptors, and effects on the S phase of the
cell cycle.
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Conclusion: LY0O1 increases the proliferation of NSCs and astrocytes and the number of
neural precursor cells in the hippocampus, resulting in neural regeneration in 5xFAD mice
by acting on the extracellular matrix and associated receptors and regulating the S phase
of the cell cycle. This provides a new idea for the early intervention and treatment of AD.

Keywords: isoflavone-cytisine, Alzheimer’s disease, 5xFAD mice, neural stem cells, neural regeneration

INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease
(Berchtold and Cotman, 1998). According to the data published by
the Alzheimer’s Disease International association in 2015, there are
more than 54.4 million patients with dementia worldwide, with an
average increase of one case every 3 s (Dos Santos Picanco et al., 2018),
and most of them are related to AD (Bradley et al., 2015; Livingston
et al, 2017; Alzheimer’s Association, 2020). The most recent data
indicate that, by 2050, the prevalence of dementia will triple worldwide
(Scheltens et al., 2021), and that estimate is three times higher when
based on a biological (rather than clinical) definition of AD. The main
pathological features (Zilka and Novak, 2006; Cipriani et al., 2011) of
AD are extracellular amyloid plaques, intracellular neurofibrillary
tangles, and loss of neurons (Blennow et al., 2006).

Neural regeneration, including the proliferation and
functional differentiation of NSCs, is a process in which
neural networks are established and maintained to function
well through continual plastic changes and establishing
synaptic connections with other neurons. Adult NSCs have the
ability to self-renew and differentiate into neurons and glial cells.
In the developed nervous system, NSCs derived from embryonic
cells carried on the neural plate can exist in the adult
hippocampus and lateral ventricle for a long time. The
identity of NSCs between pluripotent state and post
differentiation state is regulated by the response of the NSCs
transcription program under the influence of external and
internal factors. External factors and internal factors act at the
same time, endowing the central nervous system (CNS) with
different levels of plasticity and necessary complexity (Massirer
et al., 2011). Studies using human brain samples taken under
strict conditions and advanced tissue processing technology
revealed that adult hippocampal nerve regeneration is very
rich in healthy subjects, but decreases sharply in patients with
AD (Moreno-Jimenez et al., 2019). Other studies have pointed
out that the interactions between sleep disorders and inhibition of
nerve regeneration exacerbate the cognitive decline associated
with AD (Kent and Mistlberger, 2017). Recovery of the number of
new stem cells in the brain of AD patients is of great value for the
improvement of the disease condition (Wareham et al,, 2022).
Therefore, the research on NSC therapy for AD has persisted
(Hayashi et al., 2020; Aboul-Soud et al., 2021). However, the costs
of the operation are high and the compliance of patients with
targeted transplantation is poor. Therefore, alternatives, such as
active compounds that can promote the proliferation and
migration of endogenous NSCs in the CNS, are needed.

Cytisine N-methylene-(5,7,4'-trihydroxy)-isoflavone is a new
compound isolated from the Chinese herbal medicine Sophora
alopecuroides. It is a new type of cytisine with an alkaloid and

isoflavone structure (Figure 1) (Yin and Liu, 2016). Alkaloids are
an important type of secondary metabolites in plants. They
usually have significant pharmacological activities and
biological functions and have rich chemical structures in
nature. Known studies have found that the activities of
alkaloids are diverse, including anti-tumor (Manayi et al,
2018), antibacterial (de Oliveira et al, 2019), blood glucose-
regulating (Li et al,, 2017), and antiviral (Varghese et al., 2016)
activities. Other studies have shown that alkaloids can selectively
bind to and serve as an agonist of the a4f2 nicotinic acetylcholine
receptor, thus inhibiting addiction. It has been used in the study
of smoking cessation (Rigotti, 2014), which indicates the potential
value of alkaloids in the treatment of nervous system diseases.
Flavones have many functions. They are a strong antioxidants
whose capacities are more than 10 times that of vitamin E. They
effectively remove oxygen free radicals in the body (Popovic et al.,
2019), prevent cell degeneration and aging, and prevent cancer
(Mazewski et al., 2018; Chen et al., 2020); they also improve blood
circulation and lower cholesterol (Singh et al., 2018), inhibit the
exudation of inflammatory enzymes, promote wound healing,
and relieve pain (Shoaib et al., 2019). Isoflavone is a flavonoid that
mainly exists in leguminous plants. It is called phytoestrogen
because of its structural similarity to estrogen, which can be used
for the prevention and even treatment of Alzheimer’s disease
(Duan et al, 2021). Phytoestrogens are not pharmaceutical
estrogens and have few side effects (Escande et al., 2006), and
have a two-way regulation function. When the estrogen in the
body is high, they show anti-estrogen activity and reduce the risk
of related cancers. As a new compound with both alkaloid and
isoflavone active structures, there has been no report on the
biological activity of LY01 before. This research on the treatment
of AD with the bioactive substance LY01 will provide a new
choice for the prevention and treatment of the disease. Likewise,
the research on the biological activities of LY01 related to
neurons, astrocytes, and NSCs will further enrich the
understanding of the mechanism of action of isoflavones.

MATERIALS AND METHODS

Primary Cell Culture and Treatment

Primary astrocytes (Chen et al., 2019), neurons (Pan et al., 2017), and
NSCs (Wei et al, 2020) were cultured according to the previous
protocols. Primary hippocampal neurons were evenly spread into 96-
well plates at the concentration of 5x10° cells/mL. On the third to
fifth day of culture in vitro, LYO1 (3, 6, 12, 24, 48 um) treatment was
performed when the morphology and structure of neurons were
relatively mature. Cell viability was measured at 48 h after the cells
were incubated with LYO1.
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FIGURE1 | Molecular structure of LYOT.

Purified astrocytes were evenly spread into 96-well plates at
the concentration of 1x10° cells/mL. The media was changed
after 12 h of culturing and treated with LYO01 (1.5, 3, 6 pm). After
48 h, cell viability was measured. Three replicates were set up and
the experiment was repeated three times independently.

The primary NSCs with good proliferation and property were
evenly spread into 96 well plate and 6-well plate at the
concentration of 1x10° cells/mL. LYO1 treatment (0.75, 1.5, 3,
6 um) was carried out 24 h after plating cells. The cell viability,
neurospheres number and gene expression level of laminin
subunit gamma 2 (Lamc2) were measured 24h after the
treatment. The cells in the 6-well plate were collected for cell
cycle detection. In addition, the primary NSCs digested into
single cells were evenly plated on coverslips coated with poly-
L-lysine at the concentration of 2x10* cells/mL. After 12 h, NSC
proliferation medium was changed into NSC differentiation
medium (Dulbecco’s modified Eagle’s medium (DMEM)/F12
medium containing 10% fetal bovine serum (FBS)) and
cultured for 7 days. LYOl was added to the differentiation
medium at the concentration of 1.5 um and the medium was
changed every other day. The differentiated cells was detected by
immunofluorescence. Images were randomly captured for
quantification.

The experiments were repeated three times independently.
LYO01 was dissolved in DMSO and basic medium, and the final
concentration of DMSO was less than 1%o. The control group was
treated with the same amount of vehicle as the
experimental group.

Cell Viability Test

Cell viability was detected by water-soluble tetrazolium salt 1
(WST1) kit (Beyotime Biotechnology, C0036) according to the
previous protocols (Wei et al., 2020).

Neurospheres Counting

After treatment, NSC neurospheres were counted in the bright
field of fluorescence microscope. Three replications were set for
each independent experiment, and four images were randomly
captured in each replication for neurospheres counting. The
image Pro software was used for statistical analysis. The
experiment was repeated three times independently.

Transwell Migration Assay
The primary NSCs with good properties were prepared into a
single cell suspension of 1x10° cells/mL in serum-free DMEM/

F12 medium. The volume of cell suspension in the upper
chamber of transwell was 100 uL. 600 uL DMEM/F12 medium
containing 10% FBS supplemented with or without 1.5 uM LY01
was added into the bottom wells, followed by incubation for 12 h.
The medium in the upper chamber was discarded, and 800 uL
phosphate buffer (PBS) was used to gently clean the upper
membrane twice. After that, 800 uL methanol was uesd to fix
the cells on the membrane for 30 min at room temperature. After
staining with 0.1% crystal violet solution for 20 min at room
temperature, the nonmigrating cells on the upper membrane
were gently removed with a cotton swab. Images were randomly
captured, and the number of migrating cells were manually
quantified. The experiment was repeated three times
independently.

Morphological Analysis of Primary NSC
Migration

On the fourth day of primary NSC passage, the neurospheres
were collected and plated to 24 well plate coated with poly-
L-lysine. After 4h, 1.5um LY01 was administered, and then
cultured for 19-24 h 10 neurospheres were randomly captured
from each group, and The ratio of the diameter of the radiation
circle after migration to the diameter of the protoneurospheres
was used to reflect the effect of LYO1 on cell migration. The
experiment was repeated three times.

Cell Cycle Detection

After centrifugation at 800g for 5min, neurospheres were
collected and digested, and then the cells were washed twice
with precooled PBS. Each sample was added with 500-1000 puL
precooled 70% ethanol, and the cell suspension concentration
was 0.5-2x10° cells/mL, followed by being fixed overnight at 4°C
or long-term storage at —20°C. The cells were collected by
centrifugation, washed with 1 ml of precooled PBS once, and
then resuspended with 500puL PBS containing 50 pg/ml
propidium iodide (Solarbio, P8080), 100 pg/ml RNase A, 0.2%
Triton X-100, and incubated in dark at 4°C for 30 min. The
samples were detected by FlowSight multi-dimensional
panoramic flow cytometry, and cell cycle was analyzed by
IDEAS. Three replications were set in each group.

RNA Sequencing
NSCs were plated into a 12 well plate at the concentration of
1x10° cells/mL. After 24 h, the cells were divided into two groups:
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control group treated with vehicle and experimental group
treated with 1.5 um LYO1 for 6 h. The cells were resuspended
with 1 ml Trizol and then frozen at —80°C for testing. Samples
prepared according to the above steps were sent to the Shanghai
Majorbio Bio-pharm Technology Co., Ltd. for RNA extraction,
illumina transcriptome sequencing and bioinformatics analysis
(Ren et al., 2022).

RNA Extraction and Quantitative RT-PCR
RNA was extracted from primary NSCs using Trizol reagent
(ThermoFisher, Waltham, MA, United States) and converted to
c¢DNA using TagManTM MicroRNA Reverse Transcription kit
(ThermoFisher) following the manufacturer’s protocol. The
quantitative reverse transcriptase-polymerase chain reaction
(RT-PCR) were performed2xRealStar Fast SYBR qPCR Mix
(Genestar, A301-10). The cycling c-onditions were: 2 min
denaturation at 95°C and 45 cycles of DNA synthe-sis at 95°C
for 15 s and 60°C for 30 s. Primer sequences for Lamc2 forward:
5'-GCATCTACAACACAGCGGGAA-3', reverse: 5'-ACAGCT
GCCATCACTTCGAC-3; for GADPH forward: 5'-ATCAAC
GGGAAACCCATCACC-3', reverse: 5'-AAGACGCCAGTA
GACTCCAC-3. All quantitative RT-PCR reactions were
performed using a LightCyc:ler® 96 Real-Time PCR Detection
System (Roche, Basel, Switzerland).

Animals

The 5xFAD mice overexpressing the K670 N/M671 L (Swedish),
1716V (Florida), and V7171 (London) mutations in human APP,
as well as M146 L and L286 V mutations in human PS1, were
provided by Z. Q Zhang (Beijing Institute of Basic Medical
Sciences, Beijing, China). Genotypes were confirmed by PCR
analysis of tail biopsy specimens. Mice were housed four to five
per cage with a 12-h light/12-h dark cycle and food and water
adlibitum. All experimental animal procedures were approved by
the Institutional Animal Care and Use Committees of the Minzu
University of China.

Drug Treatment

The experiment was divided into six groups, wild type (WT)
group, 5xFAD group, Rgl group, and LY01-high, middle, low
group. Except WT group, other groups were 5XFAD mice. This
experiment mainly focused on the effect of LY01 in the early stage
of AD, so the drug was administered at the age of 8 weeks when
5xFAD mice exhibit amyloid deposition (Eimer and Vassar,
2013; Gu.,, 2015) and the rate of hippocampal neural
regeneration changed relatively little with age (Harris et al,
2021). The age difference was within 5 days for female mice,
and 7 days for male mice. The dosage of Rgl group was 20 mg/kg/
day, while that of LY0l was 0.025, 0.1 and 0.4 mg/kg/day,
respectively. The other two groups were intraperitoneally
injected with the same amount of normal saline every day.
WT mice used in the experiment were siblings of 5xFAD
mice. All the mice weighed in the range of 20 + 2 g (g), and
were randomly divided into each group, and there was no
significant difference in body weight between groups. Under
the advocacy of the 3R (Reduction, Replacement, Refinement)
principle of animal experiment, two different courses of

Neural Regeneration Mechanism of LYO1

treatment were used for female and male mice to get more
information about the efficacy of the new drugs in the course
of treatment and gender, rather than their differences, with as few
animals as possible. As pathological characteristics of 5XxFAD
mice were more obvious at the age of 3 months (Jawhar et al,
2012), the AD-like behavioral phenotype should be more
significant at this age. In addition, compared with female
mice, male mice are less disturbed by the fluctuation of
hormone level, and have better physical strength for water
maze experiment (Pan et al, 2017). Therefore, a 5-weeks
treatment course was set for male mice, the sample size of
each group was no less than eight mice, and for female mice,
a 2-weeks course (Liu et al., 2021) of treatment was used, the
sample size of each group was no less than three mice. The mice
were intraperitoneally injected with BrdU solution at a dose of
50 mg/kg/day for three consecutive days starting from the fourth
days before sampling (Figure 2).

Morris Water Maze

Water maze is a classical experimental method to test the learning
and memory ability of experimental animals. The experimental
site is divided into four quadrants. In one quadrant, a transparent
platform can be set for mice to stand. Once the platform position
is set, it cannot be changed during the experiment. At the same
time, a graphic mark can be made around the experimental pool
for reference. Before the experiment, diluted milk should be
added to the pool to make the water turbid. The temperature
of water requires constant temperature during the experiment,
which is generally 18-22°C. The experiment is divided into two
stages, positioning navigation and space exploration. The training
days of the positioning navigation experiment were 6 days, and
the single training time was 60 s each mouse was put into the
water from four quadrants to find the platform in the water. The
time used in this process is called the escape latency. If the mice
cannot find the platform within the specified time, they will stay
for 10 s after arriving at the platform to deepen learning. On the
seventh day, the platform was removed, and the movement of
mice within 60 s was recorded.

Fear Conditioning

Fear conditioning is a common experimental method to test the
conditioned memory ability of animals. A box is used as the
isolation environment for behavioral test. There are 2W
incandescent lamps installed in it, and small exhaust fan is
used for ventilation. The bottom of the box is stainless steel
bar for foot electrical stimulation, and the top is equipped with
loudspeaker for sound stimulation. After the test, the training
arena was wiped with alcohol to eliminate the interference of odor
on the experimental results. On the first day of the experiment,
the mice were put into the box. After 60 s of adaptation, 75 dB
white noise stimulation lasting for 30 s was given at 110, 160, 210,
260, 310, 360, 410, 460 s respectively, and foot shock (30 mA)
lasting for 2s was given at the last 2s of each white noise
stimulation. The whole experiment lasted 490s, and the
animal’s freezing time was observed by camera. On the second
day of the experiment, the animals were placed in the
experimental box for 120s without any sound or electrical
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FIGURE 2 | Schedule for drug administration and behavioral testing.

1 13

stimulation. The animal’s freezing time was detected through the
camera. On the third day of the experiment, the color of the test
box was changed with colored paper. After 30s of adaptation
time, white noise (75 dB) stimulation lasting for 30 s was given at
30, 80, 110, 160, 210 s. The whole experiment lasted 150 s, and the
animal’s freezing time was recorded.

Open Field Test

The open field test is used to evaluate the state of autonomic
movement, aiming to identify agitation, and pathological
behavior. The experimental device consists of an trial
chamber, an automatic data acquisition and processing system.
The open field lighting is all artificial lighting. The laboratory
personnel, computers and other equipment are located in another
room to reduce the interference to animals. The background
noise of the laboratory is controlled below 65 dB. The mouse trial
chamber is 25-30 cm high, the bottom edge is 72 cm long, the
inner wall is blackened, and the bottom surface (software) is
divided into 64 small squares on average. The rearing times,
movement speed, central movement time and other information
of mice were recorded within 5 min.

Immunofluorescence

Specific proteins in cells and tissues were labeled with
fluorescence according to the previous experimental protocols
(Wei et al., 2020).

For immunofluorescent staining, the cells plated on the
coverslips and brain sections were labeled with primary
antibody and fluorescent secondary antibodies as follows:
GFAP antibody (Millipore, MAB360, 1:1000), MAP2 antibody
(CST, 87078, 1:1000), Ki67 antibody (Invitrogen, 12H15L5, I:
500), DCX antibody (CST, 4604S, 1:2000), BrdU antibody (CST,
5292, 1:800), Donkey anti-Mouse IgG (Invitrogen, A-21202, 1:
2000), Donkey anti-Rabbit IgG (Invitrogen, A-21207, 1:2000).
For the primary cell experiment, pictures were taken randomly
from four areas in each group according to the upper, lower, left
and right positions, and take the mean for statistical analysis (Pan
etal.,, 2017; Wei et al., 2020). For animal experiments, continuous
slices of the whole hippocampus were made with a thickness of 30
microns. Three slices were selected randomly and evenly, and the
positions of brain slices selected in each group were the same.
BrdU-positive cells in the dentate gyrus were counted and the
mean was taken for statistical analysis (Cheng et al., 2015; Wei
et al,, 2020).

Statistical Analysis

All statistical analyses were performed using GraphPad Prism
version 6.0 software. Outliers were eliminated by the statistical
elution method (values that deviate from the mean + 2 times the

standard deviation are excluded) (Nakagawa and Cuthill, 2007).
The significance of differences was assessed by unpaired Student’s
t test or one-way ANOVA analysis. The significant threshold was
set at p < 0.05. The data before analysis of variance were subject to
a normality test (D’ Agostino-Pearson omnibus test) and variance
homogeneity test (Brown-Forsythe test). If not, a nonparametric
test was used. For one-way ANOVA analyses, post hoc
comparisons were performed using the Bonferroni post hoc
tests test. In this paper, the data of in vitro experiment were
analyzed by t-test, and the data of in vivo experiment were
analyzed by one-way ANOVA.

RESULTS
Effect of LYO1 on Mouse Body Weight

The mice were administered LYO01 starting at the age of 8 weeks.
During the experiment, body weights of mice was recorded and
monitored every week. The results (Figures 3A,B) showed that
the body weight of female and male mice increased in the first
2 weeks of the experiment, but there was no significant difference
in body weight between the groups. Two weeks after the
experiment, the overall increase rate of body weight of male
mice slowed down, but there was no significant difference in body
weight between the groups. The experimental results show that
LYO01 did not cause side effects sufficient to affect the weight of
mice and can assist in excluding the influence of the health status
of mice on the experimental results.

LYO1 Alleviates Cognitive and Memory

Decline in AD Mice

The Morris water maze is a classic behavioral experiment used to test
learning and memory in mice. The mice were administrated LY01
intraperitoneally every day starting at the age of 8 weeks and behavior
was analyzed after 3 weeks Figure 4A shows the curve of the latency
to find the target platform during the training of each group of mice.
The results show that the escape latency of mice in each group
decreased with the increase in training times, indicating that the
training of mice was effective. In addition, except for the model
5xXFAD group, the latency of the other groups converged to a
minimum value. Although there was no significant difference
between the groups, the memories of the three groups and the
positive drug Rgl group tended to appear to be enhanced.
According to Figure 4D, the trajectories of mice in the 5XFAD
mice group are disordered, and those in the WT group, Rgl group,
and LYO01 high-dose administration group are enriched in the target
quadrant. As shown in Figure 4B, the space exploration experiment
showed that the escape latency of the 5XFAD mice group was much
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saline solution for 2 weeks; 5xFAD: the model group of 5xFAD mice treated with physiological saline solution for 2 weeks; 5xFAD + Rg1: the positive control group of
5xFAD mice treated with 20 mg/kg/day ginsenoside Rg1 for 2 weeks; 5xFAD + LY01-H: the experimental group of 5xFAD mice with treated with 0.4 mg/kg/day LYO1
for 2 weeks; 5xFAD + LY01-M: the experimental group of 5xFAD mice treated with 0.1 mg/kg/day LYO1 for 2 weeks; 5xFAD + LYO1-L: the experimental group of
5xFAD mice treated with 0.025 mg/kg/day LYO1 for 2 weeks n = 4-5 (B) Body weight trend of male mice. WT: the control group of wild type mice treated with
physiological saline solution for 5 weeks; 5xFAD: the model group of 5xFAD mice treated with physiological saline solution for 5 weeks; 5xFAD + Rg1: the positive
control group of 5xFAD mice treated with 20 mg/kg/day ginsenoside Rg1 for 5 weeks; 5xFAD + LYO1-H: the experimental group of 5xFAD mice treated with
0.4 mg/kg/day LYO1 for 5 weeks; 5xFAD + LY01-M: the experimental group of 5xFAD mice treated with 0.1 mg/kg/day LYO1 for 5 weeks; 5xFAD + LYO1-L: the
experimental group of 5xFAD mice treated with 0.025 mg/kg/day LYO1 for 5 weeks n = 8-10. n. s, no significance. The results are expressed as means + SD.

longer than that of the WT group (p < 0.05), indicating the success of
modeling AD. The escape latency of the LYOI high-dose
administration group was significantly lower than that of the
5xFAD mice group (p < 0.05). For the Rgl administration group,
there was a downward trend in data distribution compared with the
model group (p = 0.1162). Overall, these results showed that LY01
delayed the decline of spatial memory in the early stage of 5XFAD
mice. Figure 4C shows the number of mice in each group crossing
the platform in the space exploration experiment. There is no
significant difference between the WT group and the 5xFAD
group, but a trend of difference (p = 0.0837), and there is no
significant difference in other groups compared with the model
group. The evaluation index (the number of platform crossings)
does not correspond well to the memory decline at the early stage of
5xFAD mice.

In the fear conditioning experiment, environmental and sound
stimulation were used to establish a connection with electric shock.
Spatial conditioned memory and sound conditioned memory were
evaluated using whole-body freezing caused by fear of electric shock.
Figure 4E shows the short-term conditioned memory of mice after
learning for 24 h, in which there is a significant downward trend in
freezing time in 5XFAD groups compared with the WT group (p <
0.05), indicating the success of the model. In addition, compared with
the model group, the conditioned memory of the high-dose and
medium-dose LYO1 group increased (p < 0.05), indicating that LYO01
is beneficial for the improvement of short-term conditioned memory
ability in 5xFAD mice. Figure 4F shows the conditioned memory
ability of mice 48 h after learning. For this test, the difference between
the model group and high-dose LYO1 group was significant (p <
0.05), indicating that a high dose of LYOl can improve the
conditioned memory ability of 5xFAD mice. However, the
conditioned memory ability 48 h after training does not reflect the
early memory decline of 5XFAD mice at the early stage (p = 0.0629).

In the open field test, the mice successively entered the
experimental field independently. The mice in each group mainly
focused their activities in the surrounding area, with many standing
times and a little activity time in the central area (Supplementary
Figure S1A), showing obvious exploratory behavior and excitement.

There was no significant difference in movement speed and rearing
time between the model group and the LY0I-administered group
(Supplementary Figures S1B,C). The analysis of the open field test
results shows that there were no significant differences in exercise
ability and anxiety-like behavior at the early stage of 5XFAD mice
compared with WT mice, and LY01 did not affect exercise ability and
anxiety-like behavior in AD model mice.

LYO1 Could Increase the Number of New
Cells in Dentate Gyrus Area of 5xFAD Mice

Bromodeoxyuridine (BrdU) is a thymine nucleoside analogue
that can replace thymine to infiltrate DNA molecules in the
process of cell proliferation, thus marking new cells. According to
the results shown in Figures 5A,B, the number of new cells in the
dentate gyrus area of female 5xFAD mice treated for 2 weeks in
the group treated with the high concentration of LY01 increased
significantly compared with that in the model group (p < 0.01). In
male 5xFAD mice treated for 5 weeks, the same phenomenon was
observed in the high-dose group (Figure 5C, p < 0.05). In
addition, the number of new cells in 10-week-old female and
13-week-old male 5XFAD mice was significantly lower than that
in the WT group (p < 0.05).

Doublecortin (DCX) is a marker of neuronal precursor cells.
Immunofluorescence staining results of both 10-week-old female
and 13-week-old male mice showed that the number of neuronal
precursor cells in 5XFAD mice was small and the cell processes
were short. Mice administered high-dose LYO1 had a higher
number of neuronal precursor cells and longer cell neurites
than those not treated with LYO1 (Figure 6).

LYO1 Promotes the Proliferation of Primary
Astrocytes

Primary hippocampal neurons cultured in vitro (Supplementary
Figure S2A) for 3-5days were divided into six groups: the
control group and five experimental groups (3, 6, 12, 24, and
48 pum LYO01). After 8 h of treatment, the viability of neurons in
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FIGURE 4 | The results of behavioral tests (A) Escape latency to the platform during the training trails in the Morris water maze (B) Escape latency on the seventh

day in the Morris water maze. *p < 0.05 vs. 5xFAD, n = 8-10 (C) Platform crossings on the seventh day in the Morris water maze. n = 8-10 (D) Representative track
images of mice on the seventh day in the Morris water maze (E) Spatial conditioned memory of mice 24 h after training in the fear conditioning test (F) conditioned
memory ability of mice 48 h after training in the fear conditioning test. WT: the control group of wild type mice treated with physiological saline solution for 5 weeks;
5xFAD: the model group of 5xFAD mice treated with physiological saline solution for 5 weeks; 5xFAD + Rg1: the positive control group of 5xFAD mice treated with
20 mg/kg/day ginsenoside Rg1 for 5 weeks; 5xFAD + LYO1-H: the experimental group of 5xFAD mice treated with 0.4 mg/kg/day LYO1 for 5 weeks; 5xFAD + LYO1-M:
the experimental group of 5xFAD mice treated with 0.1 mg/kg/day LYO1 for 5 weeks; 5xFAD + LYO1-L: the experimental group of 5xFAD mice treated with
0.025 mg/kg/day LYO1 for 5 weeks. The results are expressed as means + SD.

the 3, 6, and 12 um groups had no significant change compared

was detected 48 h later. It was found that the cell viability was
with the control group (p > 0.05). The viability of neurons in the

significantly enhanced at concentrations higher than 3 um (p <

24 and 48 um groups was lower than that in the control
group (p < 0.05). Thus, the concentration of LY01 used on
neurons in subsequent experiments was less than 24 pum
(Figure 7A).

As shown in Figure 7B, primary astrocytes (Supplementary
Figure S2B) were treated with 1.5-6 um LYO1 and cell viability

0.05). The results of glial fibrillary acidic protein (GFAP) and
nuclear protein Ki67 double staining of primary astrocytes
treated with 3pum LY01l showed that LYOI significantly
increased the number of new astrocytes and there were
approximately double the number of GFAP and Ki67 double-
positive cells compared with the control group (Figures 7C,D),
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FIGURE 5 | The effect of LYO1 on the number of new cells in the dentate gyrus area of 5xFAD mice (A) Representative images of new cells in the dentate gyrus of

the hippocampus. The images show the result of female mice treated for 2 weeks and male mice treated for 5 weeks. The nuclei are labeled with 4',6-diamidino-2-
phenylindole (DAPI) (blue) and new cells are labeled with BrdU antibody (green) (B) The number of new cells in the dentate gyrus of female mice treated for 2 weeks **p <
0.01, **p < 0.001 vs. 5xFAD; n = 3 (C) The number of new cells in the dentate gyrus of male mice treated for 5 weeks *p < 0.05 vs. 5xFAD; n = 4. WT: the control
group of wild type mice treated with physiological saline solution; 5xFAD: the model group of 5xFAD mice treated with physiological saline solution; 5xFAD + LYO1-H: the
experimental group of 5xFAD mice treated with 0.4 mg/kg/day LYO1. The results are expressed as means + SD.

5 weeks

5xFAD+LY01-H

NO. of BrdU Positive Cells

indicating that LYO1 promoted the proliferation of astrocytes
(p < 0.05).

LYO1 Promotes Proliferation and Migration

of Primary NSCs

The primary NSCs with good proliferation and properties
(Supplementary Figures S2C-F) were evenly spread into a 96-
well plate for WST1 testing; when the concentration of LY01 reached
1.5 pm, the viability of NSCs was increased (p < 0.05, Figure 8A). At
concentrations lower than 1.5pum, the number of NSCs with a
diameter of 25-45um and the number of clone balls with a
diameter greater than 45 um were significantly higher than those
of the control group (p < 0.05), indicating that LY01 promoted the
proliferation of NSCs (Figures 8B,C).

As shown in Figure 8D, poly-L-lysine induced the adherent
neurospheres to migrate radially. The ratio of the diameter of the
radiation circle after migration to the diameter of the
protoneurospheres was used to reflect the migration ability of
stem cells. The results show that LY01l promoted the outward
migration of NSCs (Figure 8E). The Transwell migration assay,
as a classic method to detect cell migration and invasion, was used
to verify the effect of LYO1 on the migration of NSCs. As shown in
Figure 8F, NSCs in the culture system with 1.5 um LYO01 were
twice as large as those in the control group and migrated to the
lower layer of the Transwell chamber (Figure 8G), indicating that
LY01 promoted the migration of NSCs.

As shown in Supplementary Figure S3A, NSCs differentiated
into astrocytes and neuron-like cells after 7 days of induction in
DMEM/F12 medium plus FBS (10%). The proportion of GFAP-
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FIGURE 6 | Representative images of neural precursor cells in the dentate gyrus area of 5xFAD mice. The images show the result of female mice treated for
2 weeks and male mice treated for 5 weeks. The nuclei are labeled with DAPI (blue) and neural precursor cells are labeled with doublecortin (DCX) antibody (green).

5 weeks

positive astrocytes and microtubule-associated protein 2
(MAP2)-positive neurons after differentiation indicated that
1.5 um LYO01 had no effect on the selection of cell type during
differentiation of NSCs (Supplementary Figure S3B).

Effects of LYO1 on Cell Cycle and

Transcription of Primary NSCs

NSCs treated with and without 1.5 pm LYO1 were collected. After
propidium iodide staining, the distribution of NSCs in each cell
cycle was measured using flow cytometry to identify the stage that
LYO1 regulates the proliferation of NSCs. As shown in Figures

9A,B, um LY01 treatment induced more cells to enter the G2/M
phase through the S phase (p < 0.01) but had no effect on the
proportion of cells in the GO/G1 phase. These results indicate that
LYO01 may regulate the S phase of the cell cycle to make more cells
enter G2/M, thus promoting NSCs proliferation.
Transcriptome sequencing is an effective method to study
the effects of drugs on cells at the transcriptional level.
However, combining transcriptome sequencing results with
functional enrichment analysis [such as Gene Ontology (GO)
and Kyoto Encyclopedia of Genes and Genomes (KEGG)
analysis] allows researcher to draw conclusions based on a
group of related genes rather than a single gene, which
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increases the reliability of the study and identifies the
biological processes most related to the observed
phenomena. GO and KEGG analysis were performed and
stored using the online platform of Majorbio Cloud
Platform  (www.majorbio.com).  According to the
professional feedback provided by Meggie biological
company, the sample quality met the requirements of
accurate sequencing and the percentage of the Q30 base
was more than 94.66%. A total of 37,464 transcripts were
analyzed and detected, including 23,986 known transcripts
and 13,478 new transcripts. Among them, 21,456 transcripts
were annotated to the GO library, 16,477 transcripts were
annotated to the KEGG library, and 237 differentially
expressed genes were identified. There were significant
differences between the two groups (Supplementary Figure
S4). The larger the value of -log;, (false discovery rate), the
more significant the functional enrichment. Both GO
(Figure 9C) and KEGG (Figure 9D) annotation analysis
indicated that the extracellular matrix (ECM) and
associated receptors may participate in the mechanism of
LYO01l. Lamc2, as a component of the ECM, had the most
significant upregulation between the LYOl-administered
group and the control group (Supplementary Figure S5).
In addition, functional enrichment analysis indicated that
aging, glutathione metabolism, and other biological
processes may also play an important role in the function
of LYO1. The data for this study have been deposited to the
sequence read archive (SRA), and the accession number is
PRJNA833033.  (https://www.ncbi.nlm.nih.gov/sra/?term=
PRINA833033).

DISCUSSION

The nervous system is composed of many types of cells, among
which neurons, astrocytes, and NSCs play important roles.
Neurons integrate incoming information and send out
information, effects directly related to human emotion,
cognition, and memory changes. Astrocytes are the most
widely distributed neural cells in mammals, and their
functions include nutrition supply, protection, signal
transmission, and inflammatory regulation. Neurotrophic
factors secreted by astrocytes at injured sites play an
important role in neuronal survival and regeneration. Our
study showed that LYOl promotes the proliferation of
astrocytes and primary NSCs in vitro and increased the
number of new neurons in the dentate gyrus of the
hippocampus in vivo. We speculate that LY0Ol may promote
the proliferation, migration, and differentiation into functional
neurons of NSCs in the dentate gyrus area of AD mice under the
influence of the microenvironment at the lesion site and maintain
the stability of the number of neurons in the hippocampus.
Likewise, LYOl promotes the proliferation of hippocampal
astrocytes (thus the secretion of more neurotrophic factors)
and results in the nutrition supply and protection of neurons.
By analyzing the results of male and female mice after
administration of LY01, we found that although LYO1 has
estrogen like structure, intravenous injection of LY01 will not
cause obvious side effects on mice of both genders due to
excessive estrogen, and both showed obvious effect of
promoting neural regeneration. As natural plant products have
fewer or no side effects and are easily available, their effect of AD
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FIGURE 8| Effects of LYO1 on primary NSCs (A) Effect of LYO1 on the viability of primary NSCs. Cell viability was detected using WST1; *p < 0.05 vs. Control; n =
3 (B) Neurospheres after LYO1 treatment (C) Quantification of diameter and quantity of neurospheres after LYO1 treatment. *p < 0.05, **p < 0.01, ***p < 0.001 vs. Control;
n = 3 (D) Effect of LYO1 on the migration of neurospheres. NSCs are labeled with nestin antibody (red) and the nuclei are labeled with DAPI (blue); the outer and inner
diameters are indicated in figure (E) Quantification of migration distance of neurospheres. The migration distance is equal to the ratio of the outer diameter after
migration to the diameter of the neurosphere (inner diameter). *p < 0.05 vs. Control (F) Representative images of Transwell migration assay experiments. The cells that
migrated to the chamber below were stained blue with 0.1% crystal violet (G) Quantification of Transwell experimental results. “p < 0.05,*p < 0.01 vs. Control. The results

treatment has been widely studied (Varshney and Siddique,
2021). But most of their mechanisms focus on
neuroprotection, antioxidation, acetylcholinesterase inhibition
and AP deposition reduction (Varshney and Siddique, 2021;
Park et al, 2014). This study enriches the mechanism of
natural products in the AD prevention or treatment.
Meanwhile, most studies on the prevention or treatment of
AD by promoting endogenous neural regeneration are about
growth factors (Hassouna et al., 2016; Vasic et al,, 2019), and a
few of these studies have been conducted in AD animal models
(Cevik et al,, 2017). Among them, there are few studies on natural
plant products. Therefore, this study will have great reference
value for the exploration of natural products in the treatment of
AD through neural regeneration mechanism in 5xFAD mice. In
recent years, more researchers began to pay attention to the
important role of neuron loss in AD, the results of this study
support the hypothesis of prevention or treatment of AD by
promoting endogenous hippocampal neural regeneration
(Oakley et al., 2006; Eimer and Vassar, 2013). However, many
therapies have failed in clinical trials (Cummings et al., 2019) in
patients with established AD, suggesting that, once developed,

disease-modifying agents may need to be deployed earlier in the
course of illness (Hort et al, 2010; Grossberg et al, 2019).
According to the results of this study, the strategy of
treatment at a early stage of AD is feasible, which supports
this assumption. However, there are some deficiencies, such as
it is impossible to obtain the difference of drug response between
male and female mice under the same administration conditions.
But this problem can be a subject of follow-up research.
Transcriptome sequencing revealed that the proliferation and
migration of astrocytes and NSCs promoted by LY01 may be
related to the regulation of the ECM and associated receptors,
such as Lamc2. The ECM includes insoluble structural
components, such as collagen and glycoprotein, and
proteinases and cytokines related to matrix metabolism
(Wilems et al., 2019). Some studies have shown that laminin
is the main type of glycoprotein in the ECM and can promote
adhesion and regulate cell proliferation and migration to repair
brain injury (Qian et al., 2018; Ma et al., 2020), consistent with the
functional research results of this study. However, this study lacks
direct experimental evidence on how ECM and associated
receptors participate in LY0l induced neural regeneration.
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And the up regulation of Lamc2 detected in this study has been
reported to be related to the occurrence of a variety of cancers
(Yamamoto et al., 2009; Zhang et al., 2018; Jing et al., 2020). Thus,
whether LYO01 has carcinogenicity and other side effects need to
be further studied.

Because of the earlier administration of LYO01 in this study’s
experimental design, some of the conventional behavioral
indicators of cognitive and memory decline were not
significant reflections of the effects of the drug. The behavioral
test data collected from 5xFAD mice were highly variable and
thus not conducive to reflect sensitively the effects of LY01. The
positive control mice in Rgl group also did not show significant
cognitive and memory improvement in the behavioral tests.
According to the current researches, the potential mechanisms,
by which Rgl significantly improved cognitive behavioral
impairments in most Alzheimer’s disease models, included
antioxidant and anti-inflammatory effects, amelioration of
Alzheimer’s disease-related pathology, synapse protection, and
up-regulation of nerve cells via multiple signaling pathways
(Liang et al., 2021). However, considering Alzheimer’s disease

is a multi-mechanism disease, we speculate that the main
mechanism regulated by Rgl is not the essential mechanism
causing dementia-like behaviors in the early stage of 5xFAD mice
in this study. In addition, the results of BrdU and DCX staining
indicated that for the 13-week-old 5xFAD mice, the number of
new cells and the number and neurite length of neural precursor
cells in the dentate gyrus area were significantly lower than those
in WT mice, indicating that the abnormal neural regeneration
ability and neural cell morphology may be the earlier pathological
changes of AD.

The first clinical symptom of AD is the decline of short-term
memory; the decline of neural regeneration in patients with AD
affects the number and functional maintenance of neurons and
subsequently affects the construction of new short-term memory
loops in the neural network. Therefore, maintaining the number and
vitality of regenerated neural cells in the brains of patients with AD is
an important idea in the treatment of AD. There is no clinical drug
for AD patients that targets the endogenous neural regeneration
process. LYO1 has shown to play a significant role in promoting
endogenous neural regeneration, and thus is expected to fill this gap.
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CONCLUSION

All these findings together demonstrated that LY01 could reduce the
decline of cognition and memory in the early stage of 5XxFAD mice by
regulating the extracellular matrix and improving neuronal
regeneration in the hippocampus. It induced the proliferation of
astrocytes, the proliferation and migration of NSCs, and increased the
number of new cells and neural precursor cells in the dentate gyrus
area of 5XFAD mice. This phenomenon could be observed both in
female and male 5XFAD mice after LYO1 treatment for more than
2weeks. And after 5-weeks LYO1 treatment, the spatial and
conditioned memory abilities were significantly improved in
5XFAD mice according to the results of the Morris water maze
and fear conditioning test. The neuronal regeneration induced by
LYOl was related to the regulation of the extracellular matrix,
associated receptors, and the S phase of the cell cycle. LYO1
promoted the regeneration of neuronal cells and alleviates the
symptoms of AD in the early stage, which provided new ideas
and alternative drugs for the AD prevention and treatment.
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Depression is a common mental disorder characterized by pessimism and world-weariness. In
our previous study, we found that Xiaoyaosan (XYS) could have antidepressive effects,
however the underlying mechanisms remain unclear. Several studies have shown that
adenosine A (2A) receptor (A2AR) in the brain is a key point in the treatment of
depression. Our present study aimed to investigate the effects of XYS on A2AR signaling
in the striatum of rats exposed to chronic restraint stress (CRS). Ninety-six male
Sprague-Dawley rats were randomly divided into 8 groups (control, model, negative
control, XYS, A2AR antagonist, A2AR antagonist + XYS, A2AR agonist, A2AR agonist +
XYS). The rats in the model group, XYS group, A2AR antagonist group and A2AR antagonist +
XYS group were subjected to CRS for 3h a day. The XYS decoction [2.224 g/(kg-d)] was
intragastrical administered by oral gavage to the rats in the negative control group, XYS group,
A2AR antagonist + XYS group, and A2AR agonist + XYS group. The rats in the A2AR
antagonist group and A2AR antagonist + XYS group were treated with SCH 58261 [0.05 mg/
(kg-d)], and the rats in the A2AR agonist and A2AR agonist + XYS group were treated with
CGS 21680 [0.1 mg/(kg-d)]. These procedures were performed for 21 consecutive days.
Behavioral studies including the open field test, elevated plus maze test, sucrose preference
test and forced swimming test, were performed to examine depression-like phenotypes. Then,
the effects of XYS on CRS- or A2AR agonist-induced striatal subcellular damage, microglial
activation and A2AR signaling changes in the striatum were examined. Here, we report that
XYS ameliorates depression-like phenotypes (such as body weight loss as well as depression-
and anxiety-like behaviors) and improves synaptic survival and growth in the stratum of the

Abbreviations: CRS, chronic restraint stress; XYS, Xiaoyaosan; AR, adenosine receptor; AIR, adenosine Al receptor; A2AR,
adenosine A2A receptor; MEK, mitogen-activated protein kinase kinase; ERK, extracellular signal-regulated kinase; NF-«B,
nuclear factor-kB; OFT, open field test; EPMT, elevated plus maze test; SPT, sucrose preference test; FST, forced swimming test;
ATP, adenosine triphosphate; ATPase, adenosine triphosphatase; Glu, glutamic acid; WB, Western blot; BDNF, brain-derived
neurotrophic factor; IBA-1, ionized calcium-binding protein-1; Arg-1, arginase-1; iNOS, inducible nitric oxide synthase; TNF-
a, tumor necrosis factor-a; PSD, post-synaptic density.
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Xiaoyaosan Ameliorates Depression by A2AR

CRS rats. Moreover, XYS reduces A2AR activity and suppresses hyper-activation of striatal
microglia. The tissue and cellular effects of XYS were similar to those of the known A2AR
antagonists. In conclusion, XYS alleviates depression in the CRS rats via inhibiting A2AR in the

striatum.

Keywords: xiaoyaosan, depression, chronic restraint stress, adenosine receptor, microglia activation

INTRODUCTION

Depression is a common mental disorder characterized by
depressed mood, loss of interest or happiness, a sense of guilt
or self-negation, pessimism, poor sleep or appetite, fatigue, and
inattention (Dubovsky et al., 2021). Approximately 350 million
people of various ages suffer from depression worldwide
(Summergrad, 2016). Patients with major depressive disorder
show symptoms such as hallucinations, delusions and suicide
attempts, which seriously limit their psychosocial function and
reduce the quality of life of patients and their families (McCarron
et al, 2021). Some studies indicated that chronic stress and
psychological trauma leaded to nerve injure could induce
depression (Williams et al., 2020).

Microglia are the resident immune cells of the brain. It has the
function of immune surveillance in the central nervous system
and can promote neural network pruning, regulate neural
plasticity, and maintain and promote the smooth flow of
neural pathways. Currently, microglia are gradually regarded
as targets for the treatment of neurological and mental
diseases (Biber et al., 2016). When neuromicroenvironmental
changes are caused by local nerve injury (during
neurodegenerative diseases) or social circumstance stress
(stress) in the central nervous system, microglia can convert
phenotypes. This process is called “microglia activation”
(Dubbelaar et al., 2018). Microglia can be activated as
immune-stimulatory (M1) or immunosuppressive (M2)
phenotypes. There is ample evidence that microglial activation
is involved in some mental disorders including depression
(Dheen et al, 2007; Santiago et al, 2017). Therefore,
depression can be caused by microglial lesion (Yirmiya et al,
2015).

As a metabolite of adenosine triphosphate (ATP) production,
adenosine is an endogenous neuroprotective agent and neuro-
regulator (Borroto-Escuela et al., 2018). The function of
adenosine is mainly mediated by the adenosine receptor (AR).
AR is very important for emotion regulation and is the main
candidate target for regulating cognitive processes, enhancing
sleep intention, and improving severe depression (Lazarus et al.,
2019). AR directly regulates intrasynaptic information
transmission and plasticity, which in turn affects various
emotions, cognition, motor activity, neuroinflammation and
cell death (Ohta and Sitkovsky, 2001). AR primarily includes
the A1, A2A, A2B, and A3 receptors (A1R, A2AR, A2BR, and
A3R). The main ARs involved in the regulation of
neuroinflammation are adenosine Al receptor (A1R) and
adenosine A2A receptor (A2AR) (Peleli et al., 2017). At low
concentrations, adenosine mainly activates A1R. Conversely, a
high concentration of adenosine activates A2AR. A2AR can block

heteromeric A1R through receptor-receptor allosteric trans-
inhibition (Marti Navia et al., 2020). Caffeine, an A2AR
antagonist, can effectively inhibit the activation of microglia,
reduce neuroinflammation and exert an antidepressant effect
through the A2AR/mitogen-activated protein kinase kinase
(MEK)/extracellular ~ signal-regulated kinase (ERK)/nuclear
factor-kB (NF-«B) signaling pathway (Kaster et al., 2015; Mao
et al., 2020).

The striatum is the origin of the basal ganglia and is the largest
nucleus in it, where numerous A2AR heteroreceptor complexes
are present. Some scholars believe that striatal morphology may
be a biomarker of neurodegenerative diseases, or it may be the
basis of internal phenotypes (Looi and Walterfang, 2013). Clinical
studies have found that striatal abnormalities play a role in
emotional and cognitive changes associated with severe
depression (Furuyashiki and Deguchi, 2012). Experimental
studies have found that chronic stress can cause behavioral
changes, which is consistent with the morphological changes
of the striatum subregion. Depression and other emotions are
related to the abnormal activity of striatal neurons (Admon et al.,
2017).

Xiaoyaosan (XYS) is one of the classic prescriptions for the
treatment of mental disorders in traditional Chinese medicine. The
experimental studies found that XYS has a significant
antidepressant effect in the aspects of behavior, biochemistry,
neurochemistry, intestinal microorganisms, gene expression
profile and so on (Li et al, 2019; Ma et al, 2019). There are
121 bioactive compounds in XYS, which are related to
99 depression-related targets and participate in immune and
inflammatory responses closely related to depression. UPLC-Q-
TOF/MS analysis successfully identified all the key compounds of
XYS as paeoniflorin, quercetin, luteolin, farnesin, aloe emodin,
glyasperin C, and kaempferol, and the main compounds were
flavonoids (Yuan et al., 2020). Our previous studies have found that
XYS can improve depression-like behavior induced by chronic
restraint stress (CRS) or chronic unpredictable mild stress, and its
mechanism may include reducing the neuroinflammatory
response (reduce IL-6, IL-1, NF-xB, TNF-a) (Zhu et al.,, 2021)
and decreasing the level of glutamic acid (Glu) in the rat
hippocampus (Zhou et al,, 2021). In this study, we aimed to
further explore whether the antidepressant effects of XYS are
associated with A2AR signaling in the striatum.

METHODS AND MATERIALS

Animals and Grouping
Ninety-six 8-week-old male Sprague-Dawley rats, weighing
approximately 180-200g, were purchased from Beijing
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FIGURE 1 | Effects of XYS on depression-like phenotypes. (A) Experimental flow chart. During the course of the experiment, the body weight of the rats was
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weighed and recorded every 7 days, and behavioral tests were performed on the rats in each group at the end of the experiment, including the OFT, EPMT, SPT, and
FST. (B) Changes in body weight. (C) The representative trajectory map of rats in the OFT. (D) The total distance traveled in the OFT. (E) The frequency of entry into the
central areain the OFT. (F) The sucrose preference rate in the SPT. (G) The immobility time in the FST. (H) The open arm entries in the EPMT. (I) The time spent in the

open arm in the EPMT. Values are presented as the means + SEM with 12 rats in each group. #0 < 0.05 or *p < 0.01 versus the C group; *p < 0.05 or **p < 0.01 versus
the M group; $p <0.050r $$p < 0.01 versus the CC group. XYS, Xiaoyaosan; OFT, open field test; EPMT, elevated plus maze test; SPT, sucrose preference test; FST,

forced swimming test.

Weitong Lihua Biotechnology Co., Ltd., Beijing. The rats were
housed with 4 rats in plastic cages in SPF animal rooms: room
temperature (25 + 1)°C, relative humidity 30-40%, light and dark
for 12h (light 7:00:19:00, dark 19:00), free access to distilled
water, and a regular rodent diet.

After 1week of adaptive feeding, the rats were randomly
divided into 8 groups: 1) control group (C, nonstress); 2)
model group (M, CRS); 3) negative control group (CX, XYS);
4) XYS group (MX, CRS + XYS); 5) A2AR antagonist group (MS,
CRS + SCH 58261); 6) A2AR antagonist + XYS group (MSX, CRS
+ SCH 58261 + XYS); 7) A2AR agonist group (CC, CGS 21680);

and 8) A2AR agonist + XYS group (CCX, CGS 21680 + XYS). See
Figure 1A for the flow chart of the experiment. In the whole
process of the animal experiment, the welfare and ethical
guidelines for experimental animals issued by the Animal
Experimental Ethics Committee of Jinan University were
strictly implemented, and the suffering of experimental
animals was minimized.

Chronic Restraint Stress Procedure
The rats were subjected to CRS as previously described (Zhu et al.,
2019). The rats in the M group, MX group, MS group and MSX
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group were fixed to a special restraint rack for 3 h a day for 21
consecutive days. The rats in the other groups were freely
dispersed in their respective feeding boxes, gently handled for
2-4 min, and returned back to the holding room, about 3 h later
for 21 consecutive days.

Xiaoyaosan Preparation and Drug

Intervention

XYS powder was purchased from Jiuzhitang Group Co., Ltd.; the
previously published literature (Hao et al., 2021) investigated the
quality control of XYS using UPLC-Q-TOF/MS with the same
formulation, batch number: 20190724. According to a previous
study (Zhu et al., 2021), the XYS suspension (mixed with distilled
water) was intragastrical administered by oral gavage to the rats
in the CX group, MX group, MSX group, and CCX group at a
dosage of 2.224 g/kg-d at 10 ml/kg body weight. The dosage was
calculated according to the average body weight of an adult
(60 kg/d). The rats in the other groups received 10 ml/kg
distilled water by gavage. This procedure was performed
30 min before daily restraint stress and was performed for 21
consecutive days.

The A2AR antagonist SCH 58261 (M7282-01, Abmole,
America) and A2AR agonist CGS 21680 (M2282-02, Abmole,
America) were prepared with normal saline (NS, 0.9%) and
injected intraperitoneally according to a body weight of
3 ml/kg. After 1 week of adaptation, the rats in the MS group
and MSX group were treated with the A2AR antagonist SCH
58261, and the rats in the CC group and CCX group were treated
with the A2AR agonist CGS 21680. The dosages were
0.05 mg/kg:d and 0.1 mg/kg-d, respectively (Pan and Chen,
2007; Costenla et al., 2011; Kaster et al., 2015; Huang et al,
2018). The rats in the other groups were given the same amount
of 0.9% NS. This procedure was performed 30 min after daily
restraint stress for 21 consecutive days.

Behavioral Testing

Behavioral tests, including the open field test (OFT), elevated plus
maze test (EPMT), sucrose preference test (SPT) and forced
swimming test (FST) were performed. The behavioral tests
were recorded by a camera, and the data were analyzed with a
small animal behavior trajectory tracking and analysis system
(NOLDUS EthoVision XT, Netherlands).

Open Field Test

Rats were introduced to an open-field apparatus (100 x 100 x
40 cm) with a black background. The rats were placed in the
middle of the box, and allowed rats to explore for 10 min. Their
behavior was monitored by using a camera. The frequency of
entry into the central square (60 x 60 cm) and total distance were
calculated automatically (Schulz, 2018).

Elevated Plus Maze Test

The EPMT apparatus consists of two open arms and two closed
arms. Rats were placed in the central square and introduced into
to the western arms to move freely for 5 min. The number of
times the rats entered the open arm (two foreclaws must enter the

Xiaoyaosan Ameliorates Depression by A2AR

arm) and the total time spent in the open arm within 5 min were
calculated automatically by the software (Li et al., 2017).

Sucrose Preference Test

Prior to the test, rats were housed in cages and trained to drink 1%
sucrose solution for 24 h. Subsequently, rats were deprived of
both food and water for the next 24 h. After that, the rats were
tested in a single cage, and each cage was placed with a bottle of
sucrose solution and a bottle of regular water. Rats were allowed
to drink freely in 1 h, and each bottle was weighed before and after
the test. The sucrose preference of the rats was calculated by the
equation: sucrose preference (%) = [sucrose solution intake (g)/
(sucrose solution intake (g) + regular water intake (g)] x 100% (Li
et al,, 2020).

Forced Swimming Test

The rats were placed into plastic cylinder (50 cm deep, 20 cm in
diameter) filled with water at 23-25°C up to a height of 30 cm
from the base, and forced to swim for 6 min. The time of
immobility behaviors (rat floating on the surface of the water,
immobility of limbs, or slight body wiggling to maintain its
balance) was calculated in the last 4 min (Ma et al., 2021).

Detection of the Levels of Adenosine
Triphosphate and Glutamic Acid in Striatum

On the 26" day, all rats were anesthetized with an intraperitoneal
injection of pentobarbital sodium (100 mg/kg), and the brain
tissues were collected. The levels of ATP and Glu in the striatum
were determined using commercial ELISA kits (ATP, Solarbio,
Beijing, China; Glu, Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) according to the manufacturer’s instructions.

Immunohistochemical Staining of Striatum
The rat brain specimens were fixed with 4% paraformaldehyde
overnight, sectioned into 3-um-thick paraffin sections. Before
staining, the sections underwent dewaxing hydration and antigen
retrieval. Soon after, the sections were blocked with 5% BSA for
1h at room temperature. The primary antibodies (anti-rabbit
IBA-1, ab178847, Abcam, United States, 1:8,000; anti-mouse
A2AR, ab79714, Abcam, United States, 1:200) were used for
incubation of sections overnight at 4°C. The sections were then
incubated with secondary antibodies (donkey anti-rabbit IgG
H&L, ab150073, Abcam, United States, 1:500; goat anti-mouse
IgG H&L, E032410-01, EarthOx Life Sciences, United States, 1:
500) for 1h at room temperature. Finally, anti-fluorescence
quenching agent with 4'-6-diamidino-2-phenylindole (DAPI)
(#P0131; Beyotime, Shanghai, China) was used for mounting
the sections. The stained sections were observed and the images
were acquired by Axio Vert.Al inverted microscope (Zeiss, Jena,
Germany). The images were analyzed by measuring the mean
optical density of the fluorescence with Image] software (NIH,
United States) and normalized by the area.

Golgi Staining
Golgi staining was performed by using a Hito Golgi-Cox
OptimStainTM kit (Hito Biotec, Beijing, China). The right
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brain of rats were dissected out and placed in the impregnate
solution, where they were stored in the dark for 24 h and were
replaced with the same solution. After being stored for 2 weeks at
room temperature in the dark, brains were transferred into
solution-3, kept at 4°C in the dark, replaced with solution-3
after 12 h, and stored at 4°C for 24 h. The coronal section of the
brain tissue was cut into 160-um-thick sections with a Leica
vibrating microtome (VT1000S, Germany). The slices were then
affixed to gelatin-coated slides, dried in the dark at room
temperature for 12 h, stained with Solution-4 and Solution-5
according to the instructions, and sealed with neutral resin. The
spine morphology was analyzed by Olympus laser scanning
confocal microscope (FV3000, Japan). Spine densities were
analyzed by cellSensDimension software. According to the
classical classification of protruding morphology, dendritic
spines are categorized into thin, mushroom, and stubby spines
(Qiao et al,, 2016). Spines are thin if the length is greater than the
neck diameter and the diameters of the head and neck are similar.
Spines are classified as mushrooms if the diameter of the head is
greater than the diameter of the neck. Spines are considered
stubby if the length and width are equal.

Transmission Electron Microscopy Analysis
The specimens were removed from the striatum of the rat brains,
which conformed to stereotaxic coordinates of interaural 10.20 mm
and bregma 1.20 mm, fixed with fixative for TEM (G1102, Servicebio,
Wuhan, China) and 1% OsO4 (Ted Pella Inc. CA, United States),
then sectionalized to 100 nm, and finally dual stained with uranium
acetate-lead citrate. Transmission electron microscopy (Hitachi,
Tokyo, Japan) was used for observation of sealed sections as
described previously (Peter et al., 2020). The observation focused
on the sections of the microstructural alterations of the synaptic
ultrastructure in the rat striatum. Excitatory asymmetric synapses
were selected according to their typical structural organization,
including the presynaptic terminal characterized by the presence
of numerous synaptic vesicles, the synaptic cleft and a fuzzy electron-
dense thickening of the post-synaptic membrane defining the post-
synaptic density (PSD). PSD length and width were quantified using
the Image] software (NIH, United States).

Western Blotting Analysis

The expression of Na-K ATPase, A2AR, brain-derived neurotrophic
factor (BDNF), Arg-1, iNOS, ERK and NF-kB p65 in the striatum
was detected by WB analysis. Total striatal proteins were extracted
using a total protein extraction kit (KTP300, Abbkine, China).
Membrane proteins were extracted using a membrane protein
extraction kit (P0033, Beyotime, China). Nuclear proteins were
extracted using a nuclear protein and cytoplasm protein
extraction kit (P0027, Beyotime, China). The total proteins were
used for the detection of Na-K ATPase, BDNF, Arg-1, iNOS, and
ERK, the membrane proteins were used for the detection of A2AR,
while the nuclear proteins were used for the detection of NF-kB p65.
The protein concentration was determined by a NanoDrop One
(Thermo Scientific, United States). Then, an equal amount of protein
(20 pg) from each sample was separated on 8% or 10% SDS-PAGE
gels and transferred to polyvinylidene fluoride (PVDF) membranes.
After transformation, the blot was placed into 5% defatted milk for
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1-2h at room temperature and then incubated with primary
antibodies (anti-rabbit Na-K ATPase, #3010S, CST, United States,
1:1,000; anti-mouse A2AR, ab79714, Abcam, United States, 1:1,000;
anti-rabbit BDNF, ab108319, Abcam, United States, 1:1,000; anti-
rabbit Arg-1, #93668, CST, United States, 1:1,000; anti-mouse iNOS,
SC-7271, Santa Cruz, United States, 1:500; anti-rabbit ERK1+ERK2,
ab184699, Abcam, United States, 1:50,000; anti-rabbit phospho-
ERKI1+ERK2, #4370, CST, United States, 1:2,000; anti-rabbit NF-
kB p65, GB11997, Servicebio, Wuhan, China, 1:500; anti-rabbit (-
tubulin, #86298, CST, United States, 1:50,000; and anti-rabbit
GAPDH, #5174, CST, United States, 1:1,000) overnight at 4°C,
with B-tubulin and GAPDH as internal controls. The membrane
was then incubated with a suitable secondary antibody for rabbits or
mice for 1h. Finally, the bands were observed with enhanced
chemiluminescence reagent (Biorigin, Beijing, China), and the
protein signals were analyzed by a ChemiDoc™ Imaging system
(Bio-Rad, United States).

Statistical Analysis

All the data in this study are expressed as the mean + standard
error of the mean (SEM). SPSS 25.0 software (Chicago, IL,
United States) was used to perform these statistical analyses.
The normality and variance uniformity of the experimental data
were tested first, then repeated analysis of variance (ANOVA)
was performed for the repeated measurement data, and one-way
analysis of variance was used for the rest of the data. The least
significant difference method was used for comparison. If the data
were not normally distributed or the variance was not uniform, a
nonparametric test with K independent samples was used. p <
0.05 was considered statistically significant. GraphPad Prism 8.0
Software (GraphPad Software Inc., San Diego, CA, United States)
was used to perform plotting operations.

RESULTS

Effects of Xiaoyaosan on Depression-Like

Phenotype
To evaluate the effects of XYS on the depression-like phenotype,
we measured body weight of rats and conducted a series of
behavioral tests.

As shown in Figure 1B, there was no significant difference in the
body weight of the rats among the 8 groups on the 0" day (p > 0.05).
However, compared with the C group, CRS and A2AR agonist
significantly suppressed increases in body weight in the M group
(from the 7™ day, p < 0.01) and CC group (from the 14™ day, p <
0.01), respectively. Compared with the M group, treatment with XYS
and A2AR antagonists resulted in a significant increase in body
weight gain in the MX group (from day 14, p < 0.01 or p < 0.05) and
MS group (from day 14, p < 0.01). XYS also alleviated the trend of
A2AR agonist-induced weight loss in rats, athough there was no
significant difference (p > 0.05).

To investigate the effects of XYS on depression-like behaviors, the
OFT, SPT and FST were performed. As shown in Figures 1C-G,
compared with the rats in the C group, the rats subjected to CRS or
A2AR agonist treatment displayed a lower total distance traveled
(p <0.01, p < 0.01) and lower frequency of entry into the central area
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FIGURE 2 | Effects of XYS on the microstructural alterations of dendritic
spine morphology and spine density in the rat striatum. (A) Representative
Golgi-stained dendritic spine image from the striatum region (scale bar =
10 um). (B) Schematic map of mature and immature spines. (C) Spine
density, 60 axons in each group. (D) The ratio of mature spines to immature
spines; 60 axons in each group. The value is expressed as the means + SEM,
n=3."p<0.01versusthe C group; **p < 0.01 versus the M group; $$p <0.01
versus the CC group.

(p < 0.01, p < 0.01) in the OFT, a lower sucrose preference rate (p <
0.01, p <0.01) in the SPT, and a higher immobility time (p < 0.01, p <
0.01) in the FST. However, treatment with XYS or A2AR antagonist
effectively reversed the changes caused by CRS (p < 0.05 or p < 0.01).
XYS could also reverse the decrease in the total distance traveled in
the OFT (p < 0.01) and sucrose preference rate in the SPT (p < 0.05)
induced by A2AR agonists; however, there were no statistically
significant differences in the frequency of entry into the central
area in the OFT (p > 0.05) or the immobility time in the FST (p >
0.05) after XYS treatment.

To examine the effects of XYS on anxiety-like behaviors, the
EPMT was observed. As shown in Figures 1H,I, the open arm
entries (p < 0.05, p < 0.05) and time spent in the open arm (p <
0.01, p < 0.01) were lower in the M group and CC group than in
the C group. Treatment with XYS or an A2AR antagonist
reversed the changes induced by CRS (p < 0.01). XYS reversed
the decrease in open arm entries (p < 0.05) and time spent in the
open arms (p < 0.05) caused by A2AR agonists.

Taken together, our results indicate that treatment with XYS
may mitigate CRS or the A2AR agonist-induced depression-like

phenotype.

Xiaoyaosan Ameliorates Depression by A2AR

Effects of Xiaoyaosan on the
Microstructural Alterations of Dendritic
Spine Morphology and Spine Density in the

rat Striatum
In this study, we observed microstructural alterations in dendritic
spine morphology in the striatum of rats.

Figure 2A shows a representative Golgi-stained dendritic
spine image from the striatum region. According to the
classical classification of protruding morphology, as shown in
Figure 2B, the spine density and ratio of mature/immature spines
in the striatum region of rats was calculated.

The spine densities, as shown in Figure 2C, revealed that a
significant reduction was present in the M group (p < 0.01) and
the CC group (p < 0.01) compared with that observed in the C
group. Spine densities in the MX group (p < 0.01), MS group (p <
0.01) and the MSX group (p < 0.01) were significantly greater
than those in the M group. Spine densities in the CCX (p < 0.01)
group were significantly greater than those in the CC group.

The ratio of mature/immature spines, as shown in Figure 2D,
revealed a significant reduction in the M group (p < 0.01) and the CC
group (p < 0.01) compared with the C group. XYS or A2AR
antagonist increased the low ratio of mature/immature spines
caused by CRS (p < 0.01, p < 0.01). XYS also increased the low
ratio of mature/immature spines caused by A2AR agonist (p < 0.01).

In summary, XYS ameliorated the microstructural alterations
in dendritic spine morphology and spine density in the rat
striatum induced by CRS and A2AR agonists.

Effects of Xiaoyaosan on the Synaptic

Ultrastructure in rat Striatum

The rat striatum was sectioned and photographed under an
electron microscope according to Figure 3A. Figure 3B is a
representative microphotograph of the striatum under a
transmission electron microscope.

We performed an ultra-structure analysis of PSD by
transmission electron microscopy. As shown in Figures 3C,D,
compared with the rats in the C group, both PSD length and
width in the striatum region of rats in the M group (p < 0.01, p <
0.01) and CC group (p < 0.01, p < 0.01) were significantly
reduced, whereas treatment with XYS (p < 0.01, p < 0.01) or
A2AR antagonist (p < 0.01, p < 0.01) effectively reversed the
changes caused by CRS. XYS also reversed the reduce in the PSD
length in the striatum induced by A2AR agonists (p < 0.01).
However, there were no statistically significant differences in the
PSD width induced by A2AR agonists after XYS treatment
(p > 0.05).

As shown in Figure 3E, compared with the C group, the
protein expression level of BDNF in the rat striatum was
decreased in the M group (p < 0.01). XYS or the A2AR
antagonist ameliorated the decrease in synapse-associated
proteins caused by CRS (p < 0.01). The A2AR agonist
decreased the protein expression of BDNF compared with the
C group (p < 0.05). XYS down-regulated the A2AR agonist-
induced reduction in BDNF protein expression, although the
difference was not statistically significant (p > 0.05).
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FIGURE 3 | Effects of XYS on the synaptic ultrastructure in the rat striatum. (A) Electron microscope section and photographic site diagram of the striatum.
Synapses were observed under transmission electron microscopy. (B) Representative microphotographs of the rat striatum. The first column of microphotographs was
taken at low magnification (scale = 2 pm, 5,000x magnification) under the electron microscope, and the second column of microphotographs was taken at high
magnification (scale = 500 nm, 20,000x magnification) under the electron microscope. Red bars and red arrows in lower panels indicate PSD length and PSD
width, respectively. Green arrows indicate synaptic vesicles. (C) Synaptic PSD length in the rat striatum, 60 synapses in each group. (D) Synaptic PSD width in the rat
striatum, 60 synapses in each group. (E) Expression of BDNF protein in the rat striatum. The value is expressed as the means = SEM, n = 3. p < 0.05 or #p < 0.01 versus
the C group; *p < 0.05 or *p < 0.01 versus the M group; $$p < 0.01 versus the CC group. PSD, post-synaptic density; BDNF, brain-derived neurotrophic factor.
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These results suggest that XYS can reduce the damage to the
synaptic ultrastructure in the rat striatum induced by CRS and
plays a protective role in the synaptic ultrastructure.

Effects of Xiaoyaosan on the Activation of
Microglia in rat Striatum

In this study, immunofluorescence assays and WB were used to
detect the activation of microglia in the rat striatum.

As shown in Figures 4A,B, the fluorescence intensity of the
microglial activation marker IBA-1 was significantly increased in
the M group (p < 0.01) and CC group (p < 0.01) compared with
the C group. Treatment with XYS (p < 0.01) or an A2AR
antagonist (p < 0.01) reversed the changes caused by CRS.
XYS also reversed the increase in IBA-1 expression and
microglial activation caused by the A2AR agonist (p < 0.05).

As shown in Figures 4C,D, compared to the C group, the protein
expression of the M1-associated marker iNOS (p < 0.01, p < 0.05) was
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FIGURE 4 | Effects of XYS on microglial activation in the rat striatum. (A) Representative micrographs of immunofluorescence staining for the microglial activation
marker IBA-1 in the rat striatum (scale = 20 um, 400x magnification). (B) Mean fluorescence density of IBA-1. (C) The protein expression of INOS in the rat striatum. (D)
Arg-1 protein expression in the rat striatum. (E) The content of Glu in the rat striatum. The value is expressed as the mean + SEM, n = 3. #p < 0.05 or *p < 0.01 versus the
C group; *p < 0.05 or **p < 0.01 versus the M group; $p < 0.05 versus the CC group. IBA-1, ionized calcium-binding protein-1; iNOS, inducible nitric oxide synthase;
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higher and that of the M2-associated marker Arg-1 (p < 0.05, p <
0.05) was lower in the M group and CC group. XYS or SCH 58261
reversed the changes caused by CRS (p < 0.05 or p < 0.01). XYS also
reversed the changes caused by the A2AR agonist (p < 0.05).

As shown in Figure 4E, the Glu levels in the striatum of rats
were measured, and the results showed that CRS (p < 0.01) and
the A2AR agonist (p < 0.01) increased the secretion of Glu in the
striatum compared with the C group. XYS (p < 0.01) or SCH
58261 (p < 0.01) decreased the Glu levels in the striatum
compared with the M group. XYS also decreased the Glu
levels compared with those in the CC group (p < 0.05).

In summary, the above results confirmed that treatment with
XYS may alleviate CRS or A2AR agonist-induced overactivation
of microglia in the rat striatum.

Effects of Xiaoyaosan on the Striatal
Adenosine A2A Receptor-Extracellular
Signal-Regulated Kinase-Nuclear

Factor-kB Pathway
The expression of the A2AR-ERK-NF-kB pathway was detected
by immunofluorescence assay and WB analysis.
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FIGURE 5 | Effects of XYS on the striatal A2AR-ERK-NF-kB pathway. (A) Immunofluorescence staining of striatal A2AR (scale= 20 pm, 400x magnification). (B)
Mean fluorescence density of A2AR. (C) The protein expression of A2AR in the rat striatum. (D) The protein expression of ERK in the rat striatum. (E) The protein
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As shown in Figures 5A-E, compared with those in the C
group, the expression levels of A2AR (p < 0.01, p < 0.01), p-ERK
(p < 0.05, p < 0.01), and NF-kB p65 (p < 0.05, p < 0.05) in the
striatum of rats in the M group and CC group were higher. These
increases in the protein expression levels were downregulated by
XYS and SCH 58261 treatment (p < 0.05 or p < 0.05). XYS also
decreased the protein expression levels of A2AR (p < 0.01),

p-ERK (p < 0.05), and NF-xB p65 (p < 0.05) in the striatum
of rats treated with the A2AR agonist.

As shown in Figures 5F,G, compared with the C group, the
protein expression of NA-K ATPase (p < 0.01) and the contents of
ATP (p < 0.05) in the rat striatum were decreased in the M group.
XYS (p <0.01, p <0.01) or SCH 58261 (p < 0.05, p < 0.05) treatment
increased these changes. The A2AR agonist did not change the
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protein expression of NA-K ATPase or the ATP content in the rat
striatum compared with the C group (p > 0.05, p > 0.05).

Taken together, our results indicated that treatment with XYS
could reverse the CRS-induced A2AR-ERK-NF-kB pathway in
the rat striatum.

DISCUSSION

The purpose of this study was to investigate the effects of XYS on the
depression-like phenotype of rats exposed to CRS, and to explore
whether the potential mechanism is associated with A2AR signaling
in the striatum. We found that XYS could alleviate the CRS-induced
depression-like phenotype (such as body weight loss and depression-
and anxiety-like behaviors) and played a protective role in the rat
striatal synaptic ultrastructure. Furthermore, exposure to CRS and an
A2AR agonist (CGS 21680) induced the activation of microglia and
the A2AR-ERK-NF-kB pathway in the striatum, which was reversed
by treatment with XYS.

XYS has been used to treat depression in China for thousands
of years, and the clinical effect is remarkable. With the increasing
attention of complementary alternative medicine, the safety and
efficacy of XYS in treating depression have been recognized by
many clinical researchers (Ding et al., 2020; Liu et al., 2020).
Previous studies have indicated that XYS significantly improves
anxiety-like behaviors and hippocampal neuron damage in
stressed rats (Li et al, 2017). In this study, the results of
behavioral tests indicated that treatment with XYS may
mitigate CRS-induced depression-like phenotypes. Moreover,
XYS also ameliorated the microstructural alterations in
dendritic spine morphology and spine density in the rat

striatum induced by CRS. Additionally, XYS is involved in the
regulation of adenosine receptors, which are responsible for the
beneficial biological effects against depression.

Clinical studies have indicated that morphological changes in
the striatum can lead to a decrease in logical memory, recall
delays and other psychiatric test scores (Madsen et al., 2010). In
this study, microstructural alterations in dendritic spine
morphology and spine density in the rat striatum caused by
CRS were reversed by XYS. Moreover, XYS reduced the damage
to the synaptic ultrastructure in the rat striatum induced by CRS
and plays a protective role in the synaptic ultrastructure. In this
study, XYS increased the protein expression of BDNF. BDNF is
considered an instructive mediator of functional and structural
plasticity in the central nervous system (Colucci-D’Amato et al.,
2020). A2AR activation modulates several brain processes,
ranging from neuronal maturation to synaptic plasticity. Most
of these actions occur through the modulation of the actions of
the BDNF (Ribeiro et al., 2021). A previous study reported that
exercise alleviates depression-like behavior in chronically stressed
rats by increasing BDNF in the striatum (Marais et al., 2009).

Microglial activation and neuroinflammation play very important
roles in the process of depression (Troubat et al., 2021). Microglia can
mediate some biological processes, such as abnormal secretion of
toxic and health hazardous substances, removal of damaged cells and
dysfunctional synapses through physical contact with biological
neurons (Yirmiya et al, 2015). However, overactivation of
microglia may result in the elimination and engulfment of
functional synapses. This condition is known as “synaptic
stripping”, and even leads to morphological changes in the brain
(Kettenmann et al., 2013). In this study, the rats in the CRS group and
A2AR agonist group showed increased Glu secretion and
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overactivation of microglia in the striatum, but XYS and A2AR
antagonists reduced these changes. The abnormal release of Glu can
quickly attract microglia to these brain regions, which then surround
the overactive neurons (Eyo et al., 2014). This suggests that XYS may
play a protective role in the synaptic ultrastructure by reducing the
microglial activation. It is reported that microglia-mediated synaptic
pruning can be mitigated by minocycline, an agent that reduces
microglial activation (Jawaid et al., 2018).

A2AR is specifically enriched in the striatum and localized in
glutamatergic synapses (Rebola et al., 2005) and glial cells (Matos
et al, 2012). A2AR expression is usually low under physiological
conditions but increases in the brain during stress. In terms of
treatment, inhibition of A2AR can prevent neuroinflammation
(Marti Navia et al,, 2020). Therefore, adenosine A2AR antagonists
are very important for the protection of the central nervous system. In
this study, we found that XYS treatment downregulated the increases
in the protein expression levels of A2AR in the striatum of rats
induced by CRS. Studies have found that A2AR mediates
phosphorylation and upregulation of the extracellular signal
ERK1/2, resulting in increased Glu release (Braga et al, 2019;
Kofalvi et al, 2020), causing high NF-kB expression and
promoting microglial proliferation and activation (Mohamed
et al, 2016). Our data also showed that the expression levels of
p-ERK and NF-«B p65 in the striatum of rats in the CRS model group
were increased, whereas XYS treatment downregulated these protein
levels. The results above support our hypothesis and shows that XYS
inhibits the A2AR-ERK-NF-kB pathway in the striatum, and this
effect is similar to that of an A2AR antagonist.

We used a group of rats treated with CGS 21680 (an A2AR
agonist) to investigate the effects of XYS on A2AR signaling in the
striatum. Previous studies have suggested that A2AR serves an
important role in the onset of microglial activation and
inflammation after exposure to a low glucose/hypoxia in a NF-kB-
dependent manner (Huang et al, 2018). We found that
intraperitoneal injection of CGS 21680 can also activate the A2AR-
ERK-NF-kB pathway in the striatum and induce a depression-like
phenotype, which was reversed by treatment with XYS. These results
further validated our hypothesis that the antidepressive effects of XYS
are associated with A2AR signaling in the striatum.

There were several limitations of the current study. First, only male
adult rats were included in the present study. As it has been pointed
out in many studies that sex differences may affect the onset of
depression, more investigations will be performed in the future.
Second, we only used an A2AR antagonist to block the ERK-NF-
kB pathway, but according to the AIR-A2AR imbalance theory,
enhanced AIR also has an antidepressant effect (Serchov et al,, 2015).
Whether A1R agonists have similar effects requires further research.

CONCLUSION

In summary, in this study, we found that XYS can ameliorate
depression-like phenotypes and plays a protective role in the

Xiaoyaosan Ameliorates Depression by A2AR

synaptic ultrastructure of the striatum. The mechanisms of these
effects may be related to inhibition of the A2AR-ERK-NF-kB
pathway in the striatum (Figure 6). Our findings serve as a
pharmacological basis for the clinical application of XYS and
provide a better understanding of the mechanisms associated
with the regulatory effects of XYS on AR signaling.
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Neuraminidase 1 (NEU1) is considered to be the most abundant and ubiquitous
mammalian enzyme, with a broad tissue distribution. It plays a crucial role in a variety
of cellular mechanisms. The deficiency of NEU1 has been implicated in various
pathological manifestations of sialidosis and neurodegeneration. Thus, it is a novel
therapeutic target for neurodegenerative changes in the Alzheimer’s brain. However, to
manipulate NEU1 as a therapeutic target, it is imperative to understand that, although
NEU1 is commonly known for its lysosomal catabolic function, it is also involved in other
pathways. NEU1 is involved in immune response modulation, elastic fiber assembly
modulation, insulin signaling, and 