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1. Introduction

Abstract Neurodegenerative diseases are neurological diseases that are characterized by neuronal
degeneration and apoptosis; they threaten populations around the world and place a great burden
on the social economy. Unfortunately, the drugs currently used to treat neurodegenerative diseases
have obvious side effects, making them much less effective. Therefore, discovery of new safe and effec-
tive drugs is urgently needed. Zanthoxylum bungeanum Maxim. (ZBM) has a long medicinal history in
China and can also be used as food. ZBM contains many types of chemical components, of which
amides are the most abundant. In preparing this review, we searched and integrated the relevant liter-
ature in PubMed, Web of Science, Elesvier, Wliey and Springer using the keywords “ZBM”, “amide”,
“physicochemical properties”, and “neurodegenerative diseases”. It was found that the amides that are
present in ZBM (AZB), although structurally unstable, are the likely material basis for an irritating sen-
sation in the mout,. In addition, AZB can play a therapeutic role in Alzheimer’s disease, Parkinson’s
and depression by exerting antioxidant and anti-inflammatory effects. The main targets of AZB are the
TRPVI1, TRPAI and PI3K/AKT signalling pathways. This review will discuss the physical and chem-
ical properties of AZB and its use in the treatment of neurodegenerative diseases to provide a reference
for the development of ZBM for use in the treatment of neurodegenerative diseases.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

making the treatment of neurodegenerative diseases particularly
important (Rehman et al., 2019). Neurodegenerative diseases are a

Neurodegenerative diseases are highly prevalent in the elderly popula- major problem worldwide. The number of patients over 65 years of
tion. With the increase in the elderly population, the number of age with Alzheimer’s disease (AD) in developed countries is expected
patients with neurodegenerative diseases has increased dramatically, to reach 7.1 million by 2025, and this number will increase to 13.8 mil-
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destruction of nerve cells in the brain and spinal cord and nervous sys-
tem dysfunction that is closely related to ageing. Due to the inability of
neurons to regenerate, the damage caused by this disease is irreversible
and eventually fatal (Bhat et al., 2017).

Neurodegenerative diseases can be subdivided into acute neurode-
generative diseases and chronic neurodegenerative diseases. Acute neu-
rodegenerative diseases are defined as those in which there is acute
damage to neurons, including stroke caused by insufficient cerebral
blood flow and retinal ischaemia. Chronic neurodegenerative diseases
mainly include Alzheimer’s disease (AD), Parkinson’s disease (PD),
depression, Huntington’s disease (HD), epilepsy and multiple sclerosis
(Perlikowska, 2021; Raafat et al., 2019). According to relevant data
provided by the World Health Organization, the incidence of AD,
PD and HD is increasing exponentially, and high medical expenses will
bring a massive burden to patients and to the social economy (Li et al.,
2022). As a heterogeneous group of diseases, neurodegenerative dis-
eases have different biochemical sources, most of which are related
to neurotoxin damage, metabolism, and attack by pathogens. At the
same time, genetic and environmental factors and lifestyle can affect
the development of the disease. After decades of research, common
features of neurodegenerative diseases have gradually been identified;
they include mitochondrial dysfunction, neuroinflammation, synaptic
dysfunction and oxidative stress (Ahat et al., 2019; Peng et al.,
2022). These conditions damage neurons and lead to memory loss, cog-
nitive dysfunction, anxiety, and motor dysfunction. However,
although AD and other diseases have been known for more than
100 years, there is still no effective way to prevent and treat these dis-
eases (Bading, 2017). Nonsteroidal anti-inflammatory drugs, riluzole
and caffeine A2A receptor antagonists minimize the risk of complica-
tions of neurodegenerative diseases, but long-term use of these agents
leads to nonnegligible side effects (Gupta et al., 2021). Therefore, dis-
covery of new safe and effective drugs is imperative.

Neuroprotection refers to the protection of neurons through vari-
ous mechanisms and strategies designed to ensure normal brain func-
tion. To a certain extent, neuroprotection can delay or prevent nerve
cell dysfunction, correct slow or abnormal developmental processes,
promote regeneration of the nervous system, and thus effectively treat
or prevent neurodegenerative diseases (Perlikowska, 2021; Campos
et al., 2016). Some studies have reported that natural products exert
neuroprotective effects through a wide range of pharmacological and
biological activities. At the same time, the wide availability of natural
products also makes them ideal sources of drugs.

Zanthoxylum bungeanum Maxim. (ZBM) is a species of the genus
Zanthoxylum and is also a natural product that is widely distributed
in Asian countries, including China, Japan, India, and Korea (Zhang
et al., 2017). The pericarp of ZBM, commonly known as *Huajiao”
in China, is not only a commonly used food additive but also has a
long history of medicinal use. ZBM has been used to treat abdominal
pain, dyspepsia and eczema due to its spleen- and stomach-warming
medical functions (Wang et al., 2019). With the development of
ZBM research, an increasing number of compounds have been identi-
fied. Phytochemical studies have shown that ZBM contains secondary
metabolites such as alkaloids, flavonoids, terpenoids, and free fatty
acids (Cho et al., 2003; Yang, 2008; Yang et al., 2013). Analysis of
the aromatic components of ZBM using headspace solid-phase
microextraction combined with gas chromatography-mass spectrome-
try showed that linalyl acetate, linalool and limonene are the main
components of the leaves and pericarp of ZBM at different harvest
stages. Amides, as special active ingredients in ZBM, contribute greatly
to the unique flavour of ZBM (Zhu et al., 2019). Pharmacological
research has shown that amides found in ZBM (AZB) have excellent
analgesic, antibacterial, anti-inflammatory, and antioxidant activities
and that they have certain effects on toothache, obesity, type I dia-
betes, atherosclerosis, and other conditions (Wang et al., 2019, 2020;
Dossou et al., 2013; Devkota et al., 2013). It was discovered in recent
years that AZB is potentially useful in the treatment of neurodegener-
ative diseases, including AD, PD and depression; in this context, its
anti-inflammatory and antioxidant effects are fully exploited to treat

the disease (Fig. 1). In this review, we will focus on the efficacy and
underlying mechanism of action of AZB in the treatment of neurode-
generative diseases, especially AD, PD and depression. This work pro-
vides a valuable reference for future research and for the development
of clinical applications of AZB.

2. Physicochemical properties of AZB

As mentioned earlier, ZBM is often used as a condiment or in
the treatment of toothache because it produces an irritating
sensation in the mouth, which is also known as “Ma” in
China. The amides isolated from ZBM, which include o-
sanshool, B-sanshool, y-sanshool, 3-sanshool and their deriva-
tives, are thought to be the basis for “Ma” (Yang, 2008;
Marcos et al., 1990). These amides form white crystals that
are only slightly soluble in ethanol and water but easily soluble
in hot ethanol, ethyl acetate and other organic solvents (Zhang
et al., 2017; Greger, 1984). AZB are structurally similar and
usually contain two or more conjugated double bonds (Koo
et al., 2007). The structural characteristics of AZB make them
extremely unstable at room temperature and highly susceptible
to oxidation or polymerization, reactions that produce yellow,
sticky, paste-like substances. Therefore, when preserving AZB,
the material is often stored in sealed ampoules under nitrogen.
In addition, because hydroxy-a-sanshool (HAS), one of the
components of AZB, can be converted to its isomer
hydroxy-B-sanshool (HBS) by UV light, HAS should be pro-
tected from light (Greger, 1984; Zhang et al., 2017). For these
reasons, the “Ma” of ZBM decreases significantly after 1 year
of storage at room temperature. In a sensory evaluation con-
ducted by Sugai et al., “Ma” was subdivided into numbness,
burning, and tingling. Notably, all-trans alkylamides, B-
sanshool, and HBS were found to produce numbness, while
HAS was the most important component of ZBM that pro-
duced irritation (Sugai et al., 2005).

There are two views regarding the stimulatory properties of
HAS. One of these holds that HAS activates the transient
receptor potential vanilloid type 1 (TRPVI1) and transient
receptor potential A1l (TRPA1) channels and thereby depolar-
izes sensory nerves and promotes Ca’” influx (Koo et al.,
2007; Sugai et al., 2005; Bryant and Mezine, 1999). The other
view holds that HAS activates somatosensory nerves by block-
ing the two-pore potassium channels KCNK3, KCNK9 and
KCNKI18 (Bautista et al., 2008).

3. Pathway through which AZB exerts its protective effect
against neurodegenerative diseases

AZB have shown protective effects against neurodegenerative
diseases in recent studies, and their mechanisms of action
can be divided into the following main categories. First,
AZB represented by HAS scavenges active free radicals of
2,2-diphenyl-1-picrylhydrazyl (DPPH). When free radicals
accumulate excessively, they can induce oxidative stress in cells
and cause oxidative damage to nerve cells. Therefore, scaveng-
ing of free radicals is essential in the treatment of neurodegen-
erative diseases. Notably, HAS reduces the production and
accumulation of intracellular ROS and inhibits the occurrence
of oxidative stress at multiple levels (Li et al., 2020). Second,
some pathological proteins such as amyloid precursor protein
(APP), amyloid B protein (AP) and p-tau protein exacerbate
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Fig. 1  Amides from Zanthoxylum bungeanum Maxim. (Rutaceae) are promising natural agents with neuroprotective activities.

the development of neurodegenerative disease. gx-50, a com-
ponent of AZB, was shown to have superior ability to hydrol-
yse AP oligomers (Tang et al., 2013). Third, AZB acts as an
inhibitor of cholinesterase (AChE), the enzyme that degrades
ACh. Notably, ACh is an important mediator of signal trans-
mission between neurons, and reduction in ACh levels often
leads to the development of AD. Fortunately, HAS is able
to inhibit AChE activity and thus increase ACh content, which
has a mitigating effect on AD (Zhang et al., 2019). Finally,
AZB, represented by gx-50, can alleviate neurotoxicity by
reducing neuroinflammation and thereby exert a protective
effect on nerve cells (Tang et al., 2013).

4. Neuroprotective activities of AZB and its possible mechanisms

4.1. Alzheimer’s disease

AD is a classic neurodegenerative disease. Various theories
that suggest that cholinergic, AP cascade, oxidative stress or
inflammatory pathways are involved have been proposed to
explain the pathogenesis of AD, but there is no unified defini-
tive conclusion regarding its pathogenesis. The hypothesis that
AZB might serve as an effective treatment for AD was first
derived from Satoh’s experiment. It was found that a tradi-
tional prescription, Daikenchuto, which is also known as
“Da-Jian-Zhong-Tang” in China and contains ZBM, improves
gastrointestinal transit by affecting acetylcholine (ACh) release
(Satoh et al., 2001). ACh, an important neurotransmitter that
is part of the central cholinergic system, is considered to act as
a key mediator of learning and memory by regulating the
cholinergic system, and reduced ACh release often causes the
development of AD. Therefore, Nakamura et al. investigated
whether ZBM could improve learning and memory by affect-
ing ACh release in the central nervous system. In those exper-

iments, the Morris water maze test was used to evaluate
learning and memory ability. Administration of ZBM extract
significantly decreased the platform finding time in
scopolamine-induced mice. In addition, the effect of HAS on
learning and memory ability was stronger under the same dose
conditions (Nakamura et al., 2006). Unfortunately, this exper-
iment did not address in depth whether ZBM and HAS
improve learning and memory ability through ACh and or
determine the underlying mechanism of action. Since then,
numerous researchers have begun experimental studies of
AZB.

As previously mentioned, HAS is an important active com-
ponent of ZBM, and it is very abundant in AZB. In the exper-
iments of Zhang et al., scopolamine was used to construct AD
models, followed by oral administration of HAS. Based on the
results of their experiments, these investigators reached a con-
clusion similar to that of Nakamura et al., namely, that HAS
significantly alleviated learning and memory impairment and
inhibited apoptosis of hippocampal neurons. To further
explore the mechanism of action of HAS, Zhang et al. mea-
sured ACh and acetylcholinesterase (AChE) content in the
brains of mice. AChE is an enzyme that rapidly hydrolyses
ACh and is considered an important component of the path-
way that regulates ACh content. Donepezil, a drug that is
widely used in the treatment of AD, is a typical AChE inhibi-
tor. Zhang et al.’s results showed that HAS inhibited the activ-
ity of AChE, thereby increasing ACh content in the brains of
the model mice (Zhang et al., 2019). Since brain-derived neu-
rotrophic factor (BDNF) is a neurotrophic factor that is clo-
sely related to neuronal survival, its deletion in the
hippocampus leads directly to the development of learning
and memory impairment. In addition, cAMP response
element-binding protein (CREB), an intranuclear factor that
regulates gene transcription, is regulated by its own phospho-
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rylation. Previous studies have shown that CREB is closely
related to learning and memory function and that BDNF is
an important target (Xue et al., 2015). Therefore, Zhang
et al. continued to examine the expression of BDNF and
CREB. HAS significantly upregulated the expression of
BDNF and p-CREB in the hippocampi of model mice. This
led to the conclusion that HAS exerts a therapeutic effect on
AD by activating the cholinergic system and the CREB/BDNF
signalling pathway (Zhang et al., 2019). Subsequently, Li and
Zhang et al. continued to explore the mechanism of action of
HAS using H>O»-induced PCI12 cells as an in vitro model.
They found that HAS significantly inhibited oxidative stress
in the cells, as evidenced by the fact that it reduced intracellu-
lar ROS and malondialdehyde (MDA) content and increased
mitochondrial membrane potential (MMP) and the levels of
intracellular antioxidant enzymes such as superoxide dismu-
tase (SOD), catalase (CAT), and glutathione peroxidase
(GSH-Px). Through these effects, HAS maintained redox home-
ostasis in PC12 cells, which in turn inhibited apoptosis induced by
H»0». Similar results were obtained when the investigators iden-
tified the PI3K/AKT signalling pathway as the signalling pathway
through which HAS inhibits cellular oxidative stress. The PI3K/
AKT signalling pathway produces extensive antioxidant activity
in both central and peripheral neurons and is considered a poten-
tial target in the treatment of neurodegenerative diseases. PI3K
phosphorylates and activates AKT, a serine/threonine kinase that
is activated by recruitment to the plasma membrane. Activation
of the PI3K/AKT signalling pathway further affects the expres-
sion of downstream apoptosis-related proteins. In the experiments
of Li et al., HAS activated the PI3K/AKT signalling pathway,
thereby reducing the expression of the proapoptotic proteins
cleaved caspase-3 and BAX and increasing the expression of the
antiapoptotic protein Bcl-2 (Li et al., 2020). Liu et al. used mice
to which D-galactose (D-gal) and AICI3 had been administered
as in vivo models to explore the mechanism of action of HAS
in experiments that continued to focus on apoptosis induced by
oxidative stress. The results showed that orally administered
HAS inhibited oxidative stress and apoptosis in mice via the
Nrf2/HO-1 signalling pathway and that it exerted a protective
effect on hippocampal neurons and improved the learning and
memory ability of the mice (Liu et al., 2022). To avoid problems
associated with the structural instability of HAS, HAS-liposomes
(HAS-LPs) were prepared and used to treat AD mice by nasal
administration. This not only improved the stability of HAS
but also resulted in a certain degree of brain targeting, thereby
improving the therapeutic effect of HAS (Tang et al., 2013). Addi-
tional details of this work are shown in Table 1 and Fig. 2.
AZBs other than HAS that have therapeutic potential for
AD are also present in ZBM. N-[2-(3,4-dimethoxyphenyl)eth
yl]-3-phenyl-acrylamide, also known as gx-50, penetrates the
blood-brain barrier and acts directly on the brain to exert ther-
apeutic effects. gx-50 has shown great therapeutic potential in
a number of recent studies. It was initially found to reduce the
level of amyloid-beta (AB) oligomers in the brains of amyloid-
[ protein precursor transgenic (ABPP-Tg) mice and to improve
cognitive performance in mice. In in vitro experiments, gx-50
showed superior ability to break down AP oligomers, and this
resulted in reduced apoptosis of primary cortical neurons
induced by AP and inhibition of inward Ca®" flow (Li et al.,
2022). Gene microarray technology was subsequently used to
explore the mechanism of this effect. After pathway analysis
of changes in gene expression, immunoblotting, immunohisto-

chemistry and real-time fluorescence quantitative PCR, it was
concluded that gx-50 inhibits glycogen synthase kinase-3
(GSK-3) activity by promoting p-Akt phosphorylation and
that this, in turn, restores the transcriptional activity of CREB
and ultimately promotes BDNF expression (Tang et al., 2014).
In studies using Ap-induced primary microglia, gx-50 was
found to downregulate the candidate chemokine CCL5 by
activating the transforming growth factor B1 (GF-f1)/Smad2
signalling pathway, thereby inhibiting microglial migration
to AB. In addition, gx-50 was found to inactivate GSK-3
by enhancing the phosphorylation of GSK-3p, a change that
synergistically helped gx-50 inhibit microglial migration (Guo
et al., 2014). In Shi et al.’s subsequent study, the effects of
g¢x-50 on inflammation were investigated using Ap-induced
microglia as a model. The researchers found that gx-50 acts
as a specific ligand to activate the o7 nicotinic acetylcholine
receptor (a7nAChR) (Shi et al., 2016). The a7nAChR is a
nicotinic receptor that occurs widely in the nervous system.
It impairs the inflammatory response in AD via the cholinergic
anti-inflammatory pathway and has both neuroprotective and
anti-inflammatory effects that may reduce cognitive impair-
ment (Conejero-Goldberg et al., 2008). During the pathogene-
sis of AD, AP binds not only to the translocase of the outer
mitochondrial membrane (TOMM), thereby inducing oxida-
tive stress, but also to the a7nAChR, thereby blocking neuro-
protection. Surprisingly, gx-50 binds competitively to
a7nAChR. Upon activation of a7nAChR by gx-50, JAK2, a
downstream signalling partner of the a7nAChR, phosphory-
lates the transcription factor STAT3 and activates the PI3K/
AKT signalling pathway, and this in turn inhibits the release
of proinflammatory factors (Shi et al., 2016).

Qinbunamides B, ZP-amide C and ZP-amide D are isobutyl
hydroxylamines that have been isolated from ZBM and identified;
ginbunamide B is the first ethyl-containing isobutyl hydroxylamine
to be isolated (Tian et al., 2016). Nerve growth factor (NGF), as a
neurotrophic factor, promotes the growth and development of
neurons. It is also an essential part of the mechanism that repairs
the nervous system after damage. However, because NGF is a
high-molecular-weight peptide, it is difficult for exogenous NGF
to cross the blood-brain barrier (Allen et al., 2013). Therefore,
promotion of endogenous NGF activity has been a popular topic
in the treatment of AD in recent years. In experiments conducted
by Tian et al., all three compounds (ginbunamides B, ZP-amide C
and ZP-amide D) enhanced NGF activity and thereby stimulated
the neuronal differentiation of PC12 cells, with potential neuropro-
tective effects (Tian et al., 2016).

Hydroxy-vy-isosanshool is another isobutyl amide com-
pound. In a series of experiments, erastin was used to induce
iron-related death of mouse hippocampal neuronal HT22 cells.
After treatment with hydroxy-y-isosanshool, cell morphology
and cell survival improved. The ability of hydroxy-y-
isosanshool to inhibit iron-related death of neurons suggests
that it may potentially be useful in the treatment of AD
(Zhang et al., 2020). Additional details of this work are pre-
sented in Table 1.

4.2. Parkinson’s disease

PD is the second most common neurodegenerative disease,
and its symptoms manifest as nonmotor symptoms and motor
deficits. The pathology of PD is mainly characterized by



Table 1 Amides from Zanthoxylum bungeanum Maxim. (Rutaceae) are promising natural agents with neuroprotective activities.
Compounds Compound’s structure Doses/Con. Experimental models Detail effects and mechanisms Related targets References
Alzheimer’s disease
H = 3
LA A= NJ?OH S mg/kg, p.o., Scopolamine . ) o . (Nakamura
HAS = W\om for & g Induced mice Enhancing the memory and learning of ddY mice et al., 2006)
/WMTH \/\<OH lnEiEiting scopo}llarlnine-ir}llduced coinitive impairnlllents in micei;
. Inhibiting morphology changes and apoptosis in hippocampa
o P ang
s Sl Selare wowr. cresache (0
& P-0- Decreasing AChE activity and increasing ACh content; S
Up-regulating BDNF and CREB
A= /ﬁ/n‘ AL\OH Protecting PC12 cells from H,O, induced injury;
o Reducing H,0O,-induced apoptosis in PC12 cells via reduction of
H.0s induced PCI12 intracellular ROS and increase of MMOP; lincreasing SOD, CAT, SOD, CAT, GSH-Px, (Li et al
HAS 15,30,60 pM ceﬁsz GSH-Px, and decreasing MDA. PI3K, Akt, Bcl-2, MDA, 5, 0) oo
Upregulating p-PI3k, Akt, p-Akt, Bcl-2, and down-regulating Bax, Caspase-3 .
caspase-3, Bax in H,O, induced PCI12 cells.
/an \/\@H Ameliorating spontaneous locomotion deficit of D-gal/AlCl;
! induced mice;
Improving the spatial learning and memory;
Alleviating morphological changes and increasing Nissl neurons in
HAS 1.25, 2.5, 5mg/ D-gal/AlCl; hippocampus; SOD,GSH-Px, CAT,HO- (Liu et al.,
kg, p.o. induced mice Reducing MDA and increasing SOD, GSH-Px and CAT; 1,Nrf2, Bel-2,Caspase-3 2022)
Increasing HO-1 and Nrf2 in the hippocampus;
Tinhibiting neuronal apoptosis by decreasing Cyt-c, Bax and
Caspase-3, and increasing Bcl-2 in hippocampus.
/WMTH \/\<OH Exhit?itipg slow drug relfzase and low 'toxic to the nasall mucosa;
! 1.252.5,5mg/kg, D-gal/AICI; Allev1a.t1ng D—galactose—lnduced learning memory deficits and (Lietal,
HAS-LPs . . protecting hippocampal neuronal cells.
Intranasal induced mice . . . o . 2022)
Being enriched in plasma and brain tissue via intranasal
aministration.
N s Disassembling A oligomers;
O NS 1 mg/kg, i.p. mouse ABPP-Tg £/ g ’ (Tang et al.,
Gx-50 - ‘V/ o mice Improve cognitive performance; 2013)
Inhibiting Ca®>" inward flow. :
H Elevating the Akt phosphorylation and inhibiting GSK-3 to
/OD/\/N N APy, induced restoring the CREB’s transcriptional activity, and Akt. CREB. BDNF (Tang et al
~o & 1 uM primary cortical finally upregulating BDNF. GSI7(—3 ’ ’ 20] 4)” o
neurons of SD rats  Inhibiting AB-induced neuronal apoptosis and apoptotic gene
expression, and Reducing neuronal calcium toxicity.
H W@ Inhibiting the chemotactic migration of microglia and CCL5
(o) N X . . . ~
- AB-induced primary induced by Af. (Guo et al.,
Gl \Oj@/\/ 0 microglia Upregulating TGF-B1 and enhancing phosphorylation of GSK-3f3 MGIEHR ERT e, Ot 2014)
in AB-induced microglia.
HY\/Q Ap-induced getivatipEial SAChR, 7nAChR, JAK2 (Shi et al
_o N~ induce ; . . . . o7n s s Shi et al.,
Gx-50 g D/\/ I 2.5,5, 10,20 uM microglia ppr.egulatmg JAK2/STAT3 and PI3K/Akt signaling pathways to STAT3, PI3K. Akt IL-Ip 2016)
o inhibit IL-1p release.

(continued on next page)
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Table 1 (continued)

Compounds Compound’s structure Doses/Con. Experimental models Detail effects and mechanisms Related targets References
Qinbunamide ¢ ~ 9
» S S
OH o « g P . . .

- PP e Potentiating activity of NGF to stimulate neurite outgrowth from (Tian et al.,

ZP-amide C A=
amide I, N on 20 uM PC12 cells PC12 cells. NGF 2016)
OH o
ZP-amide D OH N Kon
o

Hydroxy-y- NN NA]( ICsy = 4.08 pM Erastin induced HT- Inhitibitng the e?astm induced feroptosis of hippocampal neuron (Zhang
isosanshool H OH 22 cells cell HT22 cell with the ICs, of 4.08 pM. et al., 2020)

Parkinson’s disease

/Mwn\)iOH
o
HAS
Depression
(-)-(6R)-ZP- 1 G
amide A OH e H oM
(-(Ryzp- T T
amide B OH g N oM
o o
(i.)-ZP— PPN WP
amide G o H |on
(+)-ZP- PPN PO U
amide H o. )
[+]
ZP—amldeI HO;C_’, ~u -
OH o
Zanthoamide : L N on
? o
HMDTD ? 7 8 Kon

o

1 mM

3.125-100 uM

3.125-100 uM

100 uM

50-100 pM

25-54 uM

12.5-100 pM

25-100 uM

HEK293T cells,
Primary TGN,
primary DRGN

CORT induced PC
12 cells

Causing Ca®" influx in cells transfected with TRPV1 or TRPA1
and evoking robust inward currents in cells transfected with TRPV1
or TRPAL;

Inducing inward currents and Ca>" influx which could be
diminished in TRPV1 /" mice.

Protecting against CORT-induced PC12 cells damage

TRPV1, TRPA1

(Riera et al.,
2009)

(Chen et al.,
2018)

o7 nAChR, o7 nicotinic acetylcholine receptor; Ach, acetylcholine; AchE, acetylcholinesterase; AD, Alzheimer’s disease; A, amyloid-beta; BDNF, brain-derived neurotrophic factor; cAMP response
element-binding protein; CAT, catalase; CREB, cDNA, complementary DNA; CHO, Chinese hamster ovary; Con., concentration; CORT, corticosterone; D-gal, D-galactose; DRGN, dorsal root
ganglia neurons; GSH-Px, glutathione peroxidase; GSK-3, glycogen synthase kinase; GX-50, N-[2-(3,4-Dimethoxyphenyl)ethyl]-3-phenylacrylamide; HAS, Hydroxy-a-sanshool; HAS-LPs, hydroxy-
a-sanshool liposomes; HBS, Hydroxy-f-sanshool; HMDTD, (2E,7E,9E)-N-(2-hydroxy-2-methylpropyl)-6,11-dioxo-2,7,9-dodecatrienamide; MDA, malondialdehyde; MMOP, mitochondrial
membrane potential; MWM, Morris water maze test; NGF, Nerve growth factor; PCN, Primary cortical neurons; SOD, superoxide dismutase; TDN, Tetrahydrobungeanool; TGN, trigeminal

ganglion neurons.
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Fig. 2 Amides from Zanthoxylum bungeanum Maxim. (Rutaceae) are promising natural agents for the treatment of Alzheimer’s disease.

delayed development of dopaminergic neurons in the dense
region of the substantia nigra and aggregation of Lewy vesicles
containing misfolded o-synuclein (o-syn) (Li et al., 2022).
Transient receptor potential vanilloid 1 (TRPV1) and transient
receptor potential anchoring protein 1 (TRPA1), both of
which are members of the transient receptor potential channel
protein family (Khan et al., 2019), are abundantly expressed in
sensory nerves and jointly regulate Ca?" influx. In previous
studies, cannabinoids attenuated seizures, but their alleviating
effects could be reversed by TRPVI1 antagonists (Gaston and
Szaflarski, 2018). Activation of TRPV1 promotes the inward
flow of Ca®" and increases glutamate release and neural activ-
ity and therefore has some therapeutic potential for the treat-
ment of PD (Patricio et al., 2020). HAS induces an inward
current and inward flow of Ca®* in HEK cells transfected with
TRPV1 or TRPAI, whereas HBS does not. A similar conclu-
sion was reached when primary cultured sensory nerves were
used to further explore the role of HAS. In an in vivo experi-
ment, TRPV1” mice were used to explore whether the effects
of HAS are mediated by TRPV1. The results were surprising
in that inhibition of TRPV1 expression resulted in a significant
reduction in both Ca?* inward flow and current, even after
HAS treatment (Koo et al., 2007; Riera et al., 2009).

4.3. Depression

Depression is an extremely common psychiatric disorder in
which patients often suffer from cognitive impairment, fatigue,
feelings of worthlessness, and even suicidal tendencies. The
pathogenesis of depression is still being explored, and
corticosterone-induced PCI2 cells are often used as a model
to screen drugs for the treatment of depression. In experiments
conducted by Chen et al., a 95% ethanol extract of ZBM was
prepared, and 21 isobutylamides were isolated from the
extract, identified, and applied to corticosterone-induced

PCI12 cells as a way to screen for possible active compounds.
In those experiments, seven compounds, (—)-(6R)-ZP-amide
A, (—)-(11R)-ZP-amide B, (+)-ZP-amide G, (+)-ZP-amide
H, ZP-amide I, zanthoamide and (2E,7E,9E)-N-(2-hydroxy-2
-methylpropyl)-6,11-dioxo-2,7,9-dodecatrienamide, were
found to effectively improve the survival rate of
corticosterone-induced PC12 cells. In addition, the protective
effects of these compounds were found to be closely related
to their conformations. Isobutyl hydroxylamides with the R-
configuration exhibited protective activity, while amides with
the S-configuration showed no protective ability. The protec-
tive ability of isobutyl amides was also found to decrease with
increasing unsaturated fatty chain length (Chen et al., 2018).

5. Toxic effects of AZM

The fruit of Z. bungeanum has been used for hundreds of years
as an important traditional herbal medicine in China and has
been found to have notable health benefits and little toxicity.
However, it has been reported that these fruits may induce
shortness of breath, toothache and blurred vision when taken
in large doses (Wang, 2007; Tian, 1999). At present, data on
the relative systemic toxicity and safety of AZM are lacking,
and there are few data on its possible target-organ toxicity
or side effects. However, it was reported that oral administra-
tion of HAS, an important amide isolated from the fruit of Z.
bungeanum, at a dose of 72 mg/kg did not cause death in rats
(Wang et al., 2019), and the LDs, of HAS in mice after oral
administration has been reported to be 73 mg/kg.

6. Conclusion and perspective

From the above, it is clear that AZB has a wide range of therapeutic
effects in neurodegenerative diseases. At the same time, due to its wide
source of raw material, it is an excellent source of natural drugs. How-
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ever, after reviewing the previous work on AZB, we found that there is
still much work to be done before AZB can actually be applied in clin-
ical treatment.

First, although extensive studies of the efficacy of the amide compo-
nents of AZB in the treatment of AD and their possible mechanisms of
action have been conducted, most of this work does not combine in vivo
and in vitro experiments, resulting in different focuses on efficacy and
mechanism of action. In addition, clinical trials and data on amide ther-
apy have not yet progressed, and there is a lack of real and effective clin-
ical data to support disease research. From previous reports, we found
that AZB has unstable physicochemical properties. To develop AZB as
a drug that can be directly used in clinical practice, the stability issue must
be resolved. In previous experiments by Li et al. in which HAS-
containing liposomes were prepared to improve the compound’s stability,
the drug loading was low, and a reliable process for the production of
such liposomes has not been developed. In recent research, silica gel,
Sephadex LH-20, reversed-phase C18 and other methods were used to
separate and purify AZB. Although new AZBs that possess anti-
inflammatory activity have been isolated and identified, the low purity
of the compounds and their unclear mechanisms of action also limit their
further development. It is worth noting that there is still a lack of data on
the ability of AZB to penetrate the blood-brain barrier and on its
bioavailability in the brain, and this places great limitations on the devel-
opment of AZB as a drug. In addition, although the possible targets
TRPVI1 and TRPAI have been identified, the efficacy of HAS in allevi-
ating the symptoms of PD has not been further studied. Finally, with
respect to the treatment of depression, only a few compounds that may
be effective have been screened, and studies of their efficacy and mecha-
nisms of action are scarce. Therefore, in future studies, we need to deepen
our research based on these issues with the goal of developing effective
treatments for neurodegenerative diseases.
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