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Amentoflavone (AME) is a flavonoid compound found in over 120 plants. Its
extensive pharmacological activity for treating cardiocerebrovascular diseases
and neurological disorders have attracted the attention of researchers in recent
years. However, owing to the poor solubility and low bioavailability of AME, it has
not been developed as a drug for treating these diseases. This review focuses on
two aspects of AME: First, it provides a detailed summary and introduction to AME
based on its chemical structure, physicochemical properties, plant sources,
extraction and purification methods, administration systems, and
pharmacokinetic properties. Second, it summarizes the effects of AME on
cardiocerebrovascular diseases and neurological disorders, and its specific
pharmacological mechanisms. This review aims to promote the use of AME
for treating cardiocerebrovascular diseases and neurological disorders. AME
exhibits multiple activities, indicating its potential as a natural drug for treating
these diseases. Further studies on its pharmacokinetics and toxicology are
required to ensure its safety and efficacy.

KEYWORDS
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1 Introduction

Cardiocerebrovascular diseases refer to a group of conditions that affect the heart, brain,
and other tissues. This category includes both cardiovascular and cerebrovascular diseases,
as well as a variety of ischemic and hemorrhagic conditions. These diseases are precipitated
by factors such as hyperlipidemia, thickened blood, atherosclerosis, and hypertension (Yan
and Guo, 2022). Cardiovascular diseases are prevalent among individuals aged over
50 years, causing high morbidity and ranking first as a cause of death (Ma et al., 2021).
In 2019, cardiovascular diseases accounted for approximately one-third of global deaths,
with the highest number of deaths occurring in China (Roth et al., 2020). According to the
2022 China Cardiovascular Health and Disease Report, China currently has 13 million
people with stroke, 11.39 million people with coronary heart disease, 8.9 million people with
heart failure, 5 million people with cor pulmonale, 4.87 million people with atrial
fibrillation, 2.5 million people with rheumatic heart disease, 2 million people with
congenital heart disease, 45.3 million people with peripheral artery disease, and
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245 million people with hypertension (The Writing Committee Of
The Report On Cardivascular Health And Diseases and Hu, 2023).
Neurological disorders are also widely prevalent. Neurological
diseases were the second leading cause of death globally in 2015,
resulting in approximately 9.4 million deaths, accounting for 16.8%
of deaths. From 1990 to 2015, the number of deaths due to
neurological diseases increased by 36.7% and disability-adjusted
life years increased by 7.4% (Global Burden of Disease Study,
2013 Collaborators, 2015; Zhou et al., 2024). The high morbidity
and mortality rates associated with these diseases urgently require
effective treatment modalities to curb their progression (Ginkgo
biloba L.). extract (GBE) has been approved for clinical use for
treating various cardiovascular, metabolic, and neurodegenerative
disorders (Peng et al., 2024). One of the critical components in GBE
is flavonoids, which comprise up to 24% of its total content (Tao
et al., 2022).

Amentoflavone (AME) is a flavonoid compound first isolated
from the Selaginella plant (Okigawa et al., 1971). AME is one of
the most common biflavonoid compounds found in Ginkgo
biloba (Samec et al., 2022). However, some studies suggest
that the AME in Ginkgo biloba leaf extracts exhibits no
biological activity and AME has been removed from the listing
of the active components of such extracts (Xu et al., 2013). Recent
research has demonstrated that AME has a wide range of
pharmacological ~properties, including anti-inflammatory
(Zhang and Wang, 2013), antioxidant (Li et al., 2020), anti-
aging (Park and Kim, 2019), antibacterial (Bajpai et al., 2019),
antiviral (Lee et al., 2023), anti-tumor (Qiu S. et al, 2021),
antidepressant and anxiolytic (Ishola et al., 2012). AME also
has beneficial effects on cardiocerebrovascular diseases and
neurological diseases (Li et al., 2021; Saeedan et al., 2023;
Sirimangkalakitti et al., 2019).

A bibliometric analysis was conducted on the literature
pertaining to AME from 2014 to 2023, providing insights into
the research advancements in the field on a global scale. The
keyword “Amentoflavone” was queried in the Web of Science
database, vyielding a total of 394
63 countries and 641 institutions, authored by 2,196 individuals.

research papers from
Figure 1A displays the countries with the highest number of
publications, providing insight into the level of interest in AME
among these nations. Analysis of the data indicates a consistent
upward trend in publication output over the past decade, with the
number of articles published in recent years significantly surpassing
those published in 2014. This trend suggests sustained interest and
advancement in the field of AME, as depicted in Figure 1B. Research
on the role of AME in cardiocerebrovascular diseases and
neurological disorders has gained increasing attention since 2015,
emerging as a current research hotspot in the field. Furthermore, the
impact of AME on other conditions such as tumors and diabetes
should not be underestimated.

This review provides a comprehensive summary of the chemical
structure and physicochemical properties of AME, encompassing its
botanical sources, extraction and purification techniques, and
Additionally, it
pharmacokinetic characteristics of AME, alongside its therapeutic

administration  routes. examines  the
effects on cardiocerebrovascular diseases and neurological disorders,
elucidating the underlying pharmacological mechanisms. The

objective of this review is to enhance the understanding of AME
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and its potential applications in the treatment of

cardiocerebrovascular diseases and neurological disorders.

2 Background

2.1 Chemical structure and physicochemical
properties of AME

AME is a biflavonoid compound with the chemical name 8-[5-
(5,7-dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl]-5,7-
dihydroxy-2-(4-hydroxyphenyl)-4H-chromen-4-one. It is an
apigenin dimer, with multiple double bonds and hydroxyl groups
in its molecular structure (Figure 2). The C,-C; double bond is
susceptible to hydrogenation, whereas the hydroxyl group is prone
to substitution with methoxy groups. Therefore, many hydroxylated
derivatives have an amentoflavone nucleus (Yu et al., 2017; Samec
et al., 2022; Xiao et al., 2018). It has been reported that the hydroxyl
groups at positions C; and C,» are crucial for the anti-inflammatory
activity of AME. Substitution of these hydroxyl groups with
methoxy groups significantly reduces the anti-inflammatory
2024).  Additionally, the
atropisomerism exhibited due to the C;-Cg» linkage in the

efficacy (Mangmool et al,
structure of AME may affect its binding to targets, potentially
influencing its biochemical activities (Bhattacharya and
Mandal, 2024).

The molecular formula of AME is C3oH;30;¢, the molecular
weight is 538.46 g/mol, and the melting point is 300°C (Xiong et al.,
2021). The cross-conjugated molecular structure has strong
characteristic absorption of ultraviolet light (Li, 2011). AME is a
planar molecule with a close arrangement between molecules and
large intermolecular attraction; therefore, it is poorly soluble in
water, but is easily soluble in organic solvents such as ethanol and
dimethyl sulfoxide (Xiong et al, 2021). Among the various
polymorphs of AME, the amorphous form exhibits higher
dissolution rates and solubility, and demonstrates good physical
stability during the dissolution process (Zhou et al., 2022). It has
been reported that the monomer apigenin from AME can interrupt
free radical chain reactions and reduce the photoxidation process by
generating resonance-stabilized free radicals (Huvaere et al., 2012).
The presence of catechol structures and a double bond adjacent to
the carbonyl group, along with hydroxyl groups on a single benzene
ring, plays a crucial role in effectively quenching singlet oxygen
(Nagai et al., 2005). This indirectly suggests that AME may exhibit

strong antioxidant and photostability properties.

2.2 AME sources, and methods of extraction,
separation, and purification

2.2.1 Sources

AME is a bioactive compound present in numerous plant
species. It was initially isolated from the leaves of (Selaginella
tamariscina Maxim.), (Selaginella rupestris L.), and Ginkgo biloba.
Subsequently, it has been extracted from over 120 plants species,
including (Celaenodendron mexicanum L.), (Cupressus funebris
Endl), (Garcinia multiflora Bl.), and (Hypericum perforatum L.)
(Xiong et al,, 2021). The Selaginella genus, comprising 21 species, is
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FIGURE 1

Bibliometric analysis of AME (A). Global distribution map of countries involved in AME. The larger the blue circle in the figure is, the greater the
number of articles published by the corresponding country. The area of the circle in the lower left corner is equivalent to 180 articles. (B). Number of
publications on AME in the past decade. Others represented other research fields of AME, with tumors and diabetes as the main research field.

the most prevalent source of amentoflavone. Other significant
this
Cupressaceae, Euphorbiaceae, and Clusiaceae. Typically, AME is

botanical ~ families  containing compound  include

extracted from the leaves, aerial parts, and whole plants (Yu
et al., 2017).
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2.2.2 Extraction methods

The principal methods for the extraction of AME include
ultrasonic-assisted extraction, microwave-assisted extraction,
organic solvent extraction, and semi-bionic extraction (Table 1).

Each of these methodologies presents distinct advantages and
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FIGURE 2

OH O

Chemical structure of amentoflavone (8-[5-(5,7-dihydroxy-4-oxo-4H-chromen-2-yl)-2-hydroxyphenyl]-5,7-dihydroxy-2-(4-hydroxyphenyl)-

4H-chromen-4-one).

TABLE 1 Methods of extracting amentoflavone.

Source Extraction method Extraction yield (%) Reference
Selaginella tamariscina Infrared-assisted extraction 0.290 Wang et al. (2018a)
Selaginella tamariscina Ultrasonic-assisted ionic liquid extraction 1.351 Jiang et al. (2020)
Selaginella tamariscina Ethanol reflux extraction 1.274 Wei (2010)
Selaginella pulvinata Ethanol reflux extraction 1.728 Luo (2017)
Selaginella sinensis Tonic liquid-microwave-based extraction 0.196 Li YY et al. (2019)
Selaginella moellendorffii Deep eutectic solvent extraction 0.275 Liu et al. (2022)
Selaginella doederleinii Tonic liquid-microwave-based extraction 0.650 Wang et al. (2018b)
Selaginella doederleinii Microwave-assisted extraction 0.330 Wang et al. (2018¢)
Selaginella uncinata Ultrasonic-assisted extraction 1.530 Lai et al. (2018a)
Podocarpus nagi Ethanol reflux extraction 0.010 Wang (2017)
Cunninghamia lanceolata Ultrasonic-assisted extraction 0.319 Wang et al. (2023)
Taxus chinensis Supercritical-CO, fluid extraction 0.447 Ruan et al. (2014)

disadvantages. For example, ultrasonic-assisted extraction offers
benefits such as reduced extraction time, simplicity of operation,
and high extraction efficiency. Nevertheless, its limited effective
action area renders it unsuitable for industrial-scale production.
Conversely, microwave-assisted extraction is noted for its
straightforward operation, minimal byproduct formation, high
extraction rates, and ease of product purification. However, it
necessitates elevated extraction temperatures, which may
compromise the integrity of active components. Organic solvent
extraction is both cost-effective and straightforward; however, it

suffers from low extraction efficiency, environmental pollution, and

Frontiers in Pharmacology

potential risks to human health make it less suitable (Li, 2011; Xu
et al., 2021). Eutectic solvent (Liu et al., 2022) and infrared-assisted
(Wang Y. et al,, 2018) extraction techniques are gaining prominence
in the extraction of AME due to their environmental sustainability,
rapid processing times, and high efficiency.

2.2.3 Separation and purification methods
Currently, the primary methodologies for the separation and

purification of AME are silica gel column chromatography, two-step

precipitation, polyamide column chromatography, macroporous

resin adsorption, and preparative high-performance liquid
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TABLE 2 Methods of separating and purifying amentoflavone.

10.3389/fphar.2024.1406510

Separation and purification method Purity (%) Recovery (%) Reference
Selaginella tamariscina Two-step precipitation method 58.2 88.7 Wei (2010)
Selaginella tamariscina High-speed countercurrent chromatography 99.2 94.7 Wei (2010)
Selaginella tamariscina Silica gel column chromatography 97.2 50.7 Wei (2010)
Selaginella tamariscina Low pressure column chromatography 98.7 87.8 Wei (2010)
Selaginella pulvinata Macroporous adsorption resin (HPD 300) 52.5 62.4 Luo (2017)
Selaginella pulvinata Two-step precipitation method 479 59.7 Luo (2017)
Selaginella uncinata Macroporous adsorption resin (NKA-9) N/A 64.3 Lai et al. (2018b)
Selaginella moellendorffii Macroporous adsorption resin (D-101) 80.8 62.5 Fang et al. (2011)
Podocarpus nagi Macroporous adsorption resin (AB-8) 93.6 N/A Wang (2017)

chromatography (HPLC) (Table 2). Researchers have been actively
investigating enhanced techniques for separation and purification.
Recently, flash chromatography has emerged as a novel method.
Compared to traditional silica gel column chromatography, flash
chromatography offers reduced the loading time, minimized dead
adsorption, and improved efficiency and product purity. However, it
exhibits lower separation capacity and is prone to interference from
metal ions during elution. Macroporous resin adsorption offers
several advantages, including rapid high-capacity and selective
adsorption, as well as high elution efficiency, rendering it suitable
for large-scale production. Nonetheless, its desorption efficiency
remains suboptimal, and the purification rate is affected by the type
of eluent and temperature (Xu et al., 2021). HPLC offers advantages
including wide applicability, exceptional quantitative capabilities,
and well-recognized methodologies. Nevertheless, it is marked by
the necessity for extensive sample preparation, prolonged analysis
durations, and expensive instrumentation (Vlasiou, 2023).

2.3 AME dosing forms

AME exhibits significant pharmaceutical potential and promise
as a therapeutic agent (Xiong et al., 2021; Li et al., 2021). However, its
poor water solubility constrains its release within the body, resulting
in incomplete gastrointestinal absorption and low oral
bioavailability, thereby limiting its pharmacological efficacy (Ren
et al, 2013a). Following oral administration in rats, AME is
dominantly distributed in the small intestine, stomach, liver, and
large intestine, with minimal distribution to other tissues. To
maximize the pharmacological efficacy of AME, it is imperative
to enhance its solubility and bioavailability. Key strategies for
improving drug solubility and bioavailability include modifying
the delivery method, formulation (Table 3), and structural
enhancement (Feng et al., 2020).

2.4 Pharmacokinetics of AME

Despite the multiple beneficial biological properties of AME, its
inadequately
comprehensive understanding of AME’s pharmacokinetics is

pharmacokinetics ~ remain characterized. A
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crucial for elucidating its in vivo mechanisms of action,
characterizing its properties, and optimizing drug design and
dosing, to maximize therapeutic efficacy. Insights into the
fundamental pharmacokinetics of AME can be inferred from
studies conducted in animal models (Table 4).

It has been demonstrated that AME is absorbed via passive
diffusion in rats (Wei et al., 2017). Furthermore, a study employing
the Caco-2 cell model indicated that AME exhibits intestinal
absorption. The absorption may involve paracellular passive
diffusion and clathrin-mediated endocytosis, while the efflux
transporter appears to be uninvolved (Wang B. et al., 2020). The
low bioavailability of AME is due to extensive glucuronidation
catalyzed by uridine diphosphate glucuronosyltransferase
1 family, polypeptide A (UGT1A1) and UGT1A3 (Gan et al., 2020).

Another study conducted demonstrated that the peak blood
concentration in rats was reached at 90 min following oral
administration, with a volume of distribution (V/F) of 198.36 *
17.422 L/kg. These findings suggest that AME is predominant
distributed or sequestered in specific tissues and organs within
the rat model. (Wang et al.,, 2015).

34 metabolites of AME were identified, while
24 metabolites were identified in vitro. In the in vivo study, all
with three of the
34 metabolites were also detected in urine, and none were found

In vivo,

metabolites were distributed in feces,
in bile or plasma. In the in vitro study, 20 of the 24 metabolites were
distributed in liver microsomes, and 17 of the 24 metabolites were
associated with the intestinal microbiota. Of the total metabolites
identified both in vivo and in vitro, 14 were classified as phase I
metabolites and 26 as phase II metabolites. The primary metabolic
pathways included oxidation, methylation, acetylation, and
oxidation methylation (Feng, 2020). It has been reported that the
bioactive form of AME is likely conjugated (Liao et al, 2015).
Another study found that 90.7% of AME circulates as conjugated
metabolites post-administration. In rats, 73.2% and 70.2% of AME
in plasma were in conjugated form following intravenous and
intraperitoneal injection, respectively (Yu et al., 2017).

The cumulative excretion rates of AME in feces and urine were
23.93% and 0.82%, respectively, indicating that fecal excretion is the
predominant route of AME elimination from the body. This high
rate of fecal excretion may contribute to the compound’s low
bioavailability (Chen et al., 2022).
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TABLE 3 Different formulations to improve amentoflavone.

Route of Formulation Particle size Reference

administration

Zeta potential

Improved results

Oral Micro-emulsion 15.37 + 0.09 nm -17.1 + 0.24mV Dissolution rate Ren et al. (2013a)
formulation

Oral Micro-powder 0.08 + 0.01 pm N/A Solubility, dissolution rate Ren et al. (2013b)
formulation

Intravenous Nanoparticulate 77.3 £ 5.3 nm =292 £ 0.27 mV Solubility, dispersibility, stability, Zhao et al. (2022)
formulation bioavailability, reduce toxicity

Oral Micelle formulation 58.8 £ 1.29 nm 5.26 + 0.63 mV Bioavailability Zhang et al.

(2019)

Oral Micelle formulation 67.33 £ 2.01 nm -0.84 £ 0.04 mV Bioavailability Feng et al. (2020)

Oral Sub-micron particle Approximately N/A Solubility, dispersibility, stability, Duan et al. (2022)
formulation 0.4 um dissolution rate

Oral Micelle formulation 25.99 + 0.10 nm —-27.67 + 0.25 mV Solubility, dissolution rate; Bioavailability = Feng et al. (2023)

Intranasal Nanoemulsion Approximately Approximately —4 mV | Bioavailability Khafagy et al.
formulation 37 nm (2023)

3 Biological activity of AME for treating
cardiocerebrovascular and
neurological diseases

Atherosclerosis is a main pathological basis for cardiovascular
(Dutta et al, 2023). The
cerebrovascular system is closely related to the structure and
function of brain tissue. Vascular factors are important in the
development of neurological diseases (ladecola, 2023; Smith
et al., 2021). Therefore, this section discusses the effect of AME
on cardiocerebrovascular and neurological diseases (Figure 3).

and cerebrovascular diseases

3.1 Potential mechanisms of AME in
atherosclerosis

Although there is currently no published literature regarding the
use of AME in the treatment of atherosclerosis, its various potential
mechanisms of action are promising. The process of atherosclerotic
plaque formation can be divided into the following steps (Figure 4):
(1) When the vascular wall is damaged, low-density lipoprotein
(LDL) enters the intimal layer of the blood vessel through the gaps
between endothelial cells (ECs), forming oxidized low-density
lipoprotein (ox-LDL). Monocytes migrate into the intimal layer
and are activated into macrophages. (2) Ox-LDL binds to receptors
on the surface of macrophages, and cholesterol enters the
esterified. When the
esterification, and release of cholesterol are out of equilibrium,
intracellular lipid overload leads to the formation of macrophage-

macrophages, where it is intake,

derived foam cells, creating fatty streaks in the lesions (Gui et al.,
2022). (3) Ox-LDL induces changes in the phenotype of vascular
smooth muscle cells (VSMCs) in the tunica media of the arterial
wall, leading to abnormal proliferation and migration to the intimal
layer. Subsequently, VSMCs engulf ox-LDL to form myogenic foam
cells (Yang, 2023; He, 2013), which then form a fibrous plaque. (4)
Necrosis and disintegration of macrophage-derived and myogenic
foam cells lead to atherosclerotic plaque formation. Inflammatory
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cells secrete matrix metalloproteinases (MMPs) to break down
collagen fibers in the extracellular matrix, thereby increasing
plaque instability. Subsequently, the plaque ruptures, causing
bleeding and thrombosis (Carracedo et al., 2019; Libby, 2021;
Poznyak et al., 2020). Atherosclerosis is a chronic inflammatory
disease involving various inflammatory, free radical, and oxidative
stress-related injuries (Meng et al., 2024).

3.1.1 Inhibiting inflammatory factors

When inflammation occurs in vivo, IkB kinase phosphorylates
inhibitor of NF-kB (IkB) protein, and then IkB protein is separated
from the p50 and p65 subunits of nuclear factor-kappa B (NF-«B),
so that NF-kB is activated and enters the nucleus for gene
transcription and  expression of inflammatory factors,
inflammatory mediators, chemokines, and adhesion factors (Guo
et al, 2024). AME can protect vascular ECs through various
mechanisms. AME increases the survival of human umbilical
vein endothelial cells (HUVECs) induced by TNF-a in the S
phase of cell proliferation. Disruption of the endothelin-1 (ET-1)/
nitric oxide (NO) balance in the blood is an indicator of vascular
endothelial damage. AME can increase the NO content of HUVECs,
reduce the level of ET-1, inhibit the expression of adhesion factors
vascular cell adhesion molecule-1 and E-selectin, and inflammatory
factors interleukin IL-6 and IL-8, enhance the expression of the
inhibitory protein IkBa activated by NF-xB, and reduce the
expression of its transcription factor NF-kB in the nucleus,
preventing further damage to the vascular endothelium (Zheng
et al, 2013). AME downregulates the release of NO from mouse
macrophages stimulated by lipopolysaccharide (LPS), and the levels
of TNF-a and IL-1f induced by LPS and monosodium urate in
THP-1 macrophages, via the NOD-like receptor thermal protein
domain associated protein 3 (NLRP3)/apoptosis-associated speck-
like protein/cysteinyl aspartate specific protease (caspase)-
1 signaling pathway (Zhang X. et al., 2021). An experiment was
conducted to examine the binding effects of 34 flavonoid products
on the NLRP3 inflammasome, using CB-Dock molecular docking

for binding predictions. It was found that AME has the strongest
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TABLE 4 Pharmacokinetic parameters of amentoflavone.

Route of

administration

Dose

Cmax

Reference

Oral 2.8 g/kg 225+ 14 1.13 £ 044 h 2.06 £ 0.13 h 125+ 7 133+ 8 N/A N/A N/A N/A N/A Wang et al. (2014)
ng/mL ng/h mL ng/mL h
Intragastric 60 mg/kg 0.469 + 0.046 90.0 min 57.01 + 2.765 27.7 £ 1.1 249 + 1.1 24 +0.1 1984 £ 174 1228+ 1.6 min  126.1 £ 2.3 min N/A Wang et al. (2015)
min/L min mg/L min mg/L min L min™" kg™* L/kg
Oral 500 mg/kg 42.37 £ 11.95 085+ 0.137h 1233 +465h 194.5 £ 16.9 299.2 + 754 N/A N/A 9.58 + 0.84 h N/A 0.06 +£ 0.04 = Gan et al. (2020)
ng/mL ng/mL h ng/mL h
Intravenous 10 mg/kg 17,505 + 1,532 0.033 h 936 297 h 10,0609 + 1,163.8 = 10,706.6 + 1,225.9 N/A N/A 3365+ 0.34 h N/A N/A Gan et al. (2020)
ng/mL ng/mL h ng/mL h
Intravenous 10 mg/kg 31.2 £27.0 0.11 £0.02 h 588 +1.78 h 33.0 £ 11.9 352 + 139 320 £ 139 2.53 £ 0.65 N/A N/A N/A Liao et al. (2015)
nmol/mL nmol/mL h nmol/mL h mL h™' kg™ L/kg
Intraperitoneal 10 mg/kg 6.26 £ 0.33 0.83 £ 0.29 h 342 +145h 255 + 1.08 25.7 £ 0.82 N/A N/A N/A N/A 77.4 £ 28.0 = Liao et al. (2015)
nmol/mL nmol/mL h nmol/mL h
Oral 300 mg/kg 0.06 + 0.03 033 +£0.14 h 113 +36 h 0.41 + 0.08 0.49 + 0.12 N/A N/A N/A N/A 0.04 £ 0.01 = Liao et al. (2015)
nmol/mL nmol/mL h nmol/mL h
Oral 4.31 mg/kg 124.61 + 8.37 15h 2.60 £ 1.34 h 594.48 + 62.12 597.84 + 60.41 7.27 £ 0.75 N/A N/A N/A N/A Shan et al. (2018)
ng/mL ug h/L ug h/L L min" kg™

Cinax» maximum blood concentration; T,y time to peak concentration; T;,,, biological half-life; AUC(0-t), area under the concentration-time cure; AUC(0-00), from time zero to all original drug elimination; CL/F, clearance; V/F, apparent volume of distribution;
MRT_, mean residence time; MRT),, average retention time for a certain period of time; F, bioavailability.
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The ameliorative effect of amentoflavone on cardiocerebrovascular and neurological diseases Amentoflavone is capable of acting on
cardiocerebrovascular diseases, neurological diseases through a variety of mechanisms.

affinity for the NLRP3 inflammasome, surpassing that of its specific
inhibitor (CY-09) (Fang H. Y. et al., 2023). Macrophage migration
inhibitory factor (MIF) is a crucial pro-inflammatory mediator.
AME has been reported to exhibit superior inhibitory activity
against MIF compared to ISO-1, a well-established standard MIF
inhibitor (Siddiqui et al., 2024).

During inflammation, arachidonic acid is converted to
prostaglandin E-2 (PGE-2) by (COX-2)
through the action of cyclooxygenase-2, leading to pain and
inflammation. At a concentration of 50 uM, AME can inhibit the

cyclooxygenase-2

activity and expression of COX-2 induced by TNF-a in cells, and
upregulate the activity of peroxisome proliferator-activated receptor
(PPAR) vy, blocking the degradation of IxBa, and inhibiting the
translocation of NF-kB to inhibit the activation of the NF-xB
signaling pathway (Banerjee et al., 2002). AME isolated from the
root of (Prismatomeris glabra Mart.) exerts an anti-inflammatory
effect by significantly reducing the production of TNF-q, IL-6, and
PGE-2 in THP-1-derived macrophages in a dose-dependent manner
(Alkadi et al., 2021). AME effectively suppresses the production of
NO and PGE-2 in RAW264.7 macrophage cells stimulated by LPS.
This inhibitory effect is achieved by inhibiting the kinase activity of
extracellular signal-regulated kinase (ERK). Furthermore, AME also
inhibits the expression of inflammation-related genes induced by
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LPS, including nitric oxide synthase (iNOS), COX-2, and TNF-a
(Oh et al., 2013).

Macrophages of different polarization types are involved in
distinct atherosclerosis development processes. Specifically, M1-
type macrophages are primarily present in early plaques,
associated with plaque formation. M2-type macrophages can
exert anti-inflammatory effects, promoting the repair of
atherosclerosis inflammation. PPARs are a class of ligand-
activated transcription factors that play a crucial role in
macrophage polarization, regulating macrophage metabolism,
suppressing pro-inflammatory genes, and promoting the
transformation of M2 macrophage phenotype (Zhuang, 2020).
PPARYy, through its interaction with other transcription factors
and the promoter regions of arginase 1 (Argl), found in
inflammatory zone (Fizzl), and chitinase-like protein 3 (YmI)
genes, promotes the expression of Argl and Fizzl genes and
regulates the M2 polarization level of macrophages. Macrophages
lacking PPARy exhibit significantly downregulated expression of
Argl. AME can inhibit the differentiation of THP-1-derived MO cells
toward M1 cells by activating PPAR-a/y transcription factors,
elevating the mRNA levels of TGF-f and IL-10, reducing TNF-a
and IL-6 expression, and upregulating Argl and Fizzl protein
expression (Qiu F. et al,, 2021). These findings suggest that AME
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The atherosclerotic process The key steps of the atherosclerotic process can be divided into the following steps: Formation of oxidized low-density
lipoprotein and activation of macrophages; Macrophage-derived foam cell formation; Abnormal VSMCs and myogenic foam cell formation; Formation

and rupture of atherosclerotic plaque.

might also reverse the transformation of M1 macrophages toward
the M2 type, thereby exerting an anti-inflammatory effect.

3.1.2 Scavenging free radicals and limiting damage
due to oxidative stress

NO produced iNOS in activated macrophages is one of the most
important inflammatory mediators. iNOS-mediated NO production
and the associated production of highly reactive free radicals such as
peroxynitrite has a harmful effect (Wang Y. et al., 2020). Therefore,
inhibiting NO may be a useful target for addressing oxidative stress.

In vitro antioxidant models have demonstrated that AME
exhibits exceptional scavenging and antioxidant capabilities when
eliminating (1,1-diphenyl-2 trinitrophenylhydrazine) DPPH free
radicals, superoxide anions, and hydroxyl radicals. Additionally,
AME possesses the ability to repair and protect DNA from oxidative
damage in vitro. AME influences the generation and scavenging of
OH free radicals, and eliminates free radicals by scavenging
hydrogen ion and electron. Therefore AME can treat oxidative
damage (Wang, 2013). AME can eliminate DPPH free radicals in
a concentration-dependent manner and can alleviate the cell
damage caused by ox-LDL in HUVECs. The mechanism might
be due to the phenolic hydroxyl group in the molecular structure of
AME, which can accept the electron transfer from lipid peroxidation
free radicals, forming stable free radicals, thus preventing the
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damage of lipid peroxidation free radicals to vascular ECs (Xu
2004). Advanced glycation end-products (AGEs) are
associated with various diseases such as atherosclerosis and

et al,

diabetes, leading to the production of reactive oxygen species
(ROS), which subsequently activates the transcription factor NF-
kB and is involved in various inflammatory diseases. Ferchichi et al.
extracted various active components from plants, and showed that
AME had the strongest in vitro ability to effectively resist AGEs and
exhibits excellent scavenging capabilities (Ferchichi et al., 2012).
Furthermore, AME can block the nuclear translocation of NF-kB
p65, inhibit the phosphorylation of IkBa and formation of NO in
macrophages induced by LPS in a concentration-dependent manner
by blocking the degradation of IkBa to inhibit the formation and
transcription activation of the iNOS gene induced by LPS (Woo
et al.,, 2005).

AME reduces LPS-induced oxidative stress damage to HUVECs,
increasing the activity of superoxide dismutase (SOD) and reducing
the expression levels of NO and malondialdehyde (MDA). A multi-
omics study found that glycine, argininosuccinic acid, putrescine,
ornithine, spermidine, 5-oxoproline, and dihydrouracil are seven
metabolites that might be related to the mechanism by which AME
protects ECs (Yao et al., 2016).

The reduced form of thioredoxin (Trx) interacts with the
N-terminus of apoptosis signal regulating kinase 1 (ASK1) both
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in vitro and in vivo, thereby inhibiting ASKI activity. Under
conditions of oxidative stress, the thiol group of the cysteine
residue of Trx is oxidized to form intramolecular disulfide bonds,
thereby activating ASK1 kinase activity. Therefore, in the complex of
Trx with ASK1 protein, Trx1 and thioredoxin reductase (TrxR)-
1 proteins are the key molecules regulating ROS-induced
ASK1 activation. AME can regulate the ROS/ASK1/p38 mitogen-
activated protein kinase (MAPK) pathway by inactivating
ASK1 molecules, blocking p38 MAPK signaling, increasing the
levels of thioredoxin Trxl and reductase TrxR-1, and reducing
ASK1 and p38 MAPK levels, thereby reducing oxidative stress
damage to cells (Li et al., 2020). These studies demonstrate that
AME can respond to oxidative stress through various mechanisms.

3.1.3 Regulating blood lipids and blood sugar

The fat accumulation index can serve as a predictive indicator of
cardiometabolic diseases and stroke. The fat accumulation index is
linearly related to the risk of atherosclerotic cardiovascular disease
within 10 years and is an independent risk factor, indicating an
integral relationship between body fat and atherosclerotic diseases
(Liu et al, 2023). A randomized trial involving over 20 million
participants demonstrated that blood lipid components such as
LDL, apolipoprotein A, apolipoprotein B, and triacylglycerols can
also affect the development of atherosclerosis (Ference et al., 2017).
Therefore, controlling the level of blood lipids can alleviate and
prevent atherosclerosis.

Obesity leads to the storage of excess energy in the form of
triglycerides (TG) in adipose tissue. Dietary fat can lead to increased
TG levels in the blood and obesity, whereas lipid absorption
disorders can lead to hyperlipidemia and metabolic diseases. The
cluster of differentiation 36 (CD36) protein primarily participates in
the process of macrophage lipid uptake. When a large amount of ox-
LDL appears in the vascular endothelial layer, the CD36 protein is
activated to take up ox-LDL into the cell. After intake, ox-LDL is
oxidized to new derivatives by linoleic acid, and these new
derivatives can activate PPARYy, thereby promoting the increase
in PPARY protein expression as a transcription factor of CD36.
Increased CD36 expression in turn promotes ox-LDL uptake. AME
can reduce the uptake of ox-LDL by THP-1-derived macrophages
through the CD36/PPARYy signaling pathway, thereby inhibiting
foam formation induced by ox-LDL (Zhuang, 2020). Feeding AME
to mice on a high-fat diet reduced the expression of the lipid
absorption-related gene, CD36, by affecting plasma TG levels,
thereby affecting the intestinal absorption of lipids (Lee et al.,
2022). AME can reduce the body weight, total fat tissue, and
serum TG content induced by a high-fat diet in a dose-
dependent manner. AME has been demonstrated to reduce blood
glucose levels and insulin resistance in rat models. Furthermore,
AME influences various stages of 3T3-L1 adipocyte differentiation.
Specifically, it modulates ROS production and inhibits the
expression of the transcription factor CCAAT/enhancer-binding
protein (C/EBP)-p during the mitotic clonal expansion (MCE)
phase, MCE. Additionally, AME
downregulates the expression of PPARy and C/EBP-a during

thereby  impacting
both the early and terminal differentiation phases, consequently
affecting lipid droplet formation. (Chen et al., 2016).

Type 2 diabetes is intricately linked to atherosclerosis. Patients
with diabetes often have disorders of lipid metabolism and insulin
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resistance syndrome. Elevation of blood glucose and lipid levels in
patients with type 2 diabetes are risk factors for atherosclerosis, and
are positively correlated with the extent of atherosclerosis lesions
(Sun et al,, 2023; Huang and Sun, 2023). High blood glucose levels
disrupt ECs function, causing damage the vascular wall, thereby
promoting atherosclerosis progression (Wei and Liang, 2021). AME
significantly suppresses the elevation of blood glucose levels and
reduces the Homeostatic Model Assessment of Insulin Resistance
index. Furthermore, they demonstrated that AME also reduced lipid
accumulation in the liver of high fructose and fat diet (HFFD)-fed
rats and alleviated the damage caused by lipids to the liver (Qin et al.,
2018). AME reduced the expression of genes related to fat
production and upregulated the expression of genes related to
insulin signaling transmission, thereby having anti-obesity and
anti-hyperglycemic effects (Cho et al., 2021).

In vitro hypoglycemic effects of AME using HepG2 cell glucose
models and insulin resistance models and found that AME
significantly increased glucose metabolism of HepG2 cells and had
a synergistic effect on the increased glucose consumption under
insulin stimulation. In the insulin resistance HepG2 cell model
induced by high insulin, AME also increased the glucose
consumption of cells that developed insulin resistance (Zheng
et al,, 2008). These characteristics suggest that AME may serve as
an insulin sensitizer, increasing cell glucose consumption and
synergistically working with insulin to reduce blood glucose levels
and reduces insulin resistance. In the insulin resistance HepG2 cell
model induced by high glucose and high insulin, AME significantly
increased the levels of rate-limiting enzymes for glucose oxidative
decomposition, such as 6-phosphogluconate kinase, glucose kinase,
and pyruvate kinase; reduced glucose synthesis by lowering glucose
synthesis ~ kinase-3-p  (GSK-3-f)  levels; and  lowered
phosphoenolpyruvate carboxy kinase and glucose-6-phosphate
enzyme activity, thereby affecting the glucose biosynthesis pathway.
They also demonstrated that AME increases phosphoinositide 3-
kinase (PI3K) protein expression, which may improve insulin signal
transduction disorders through the PI3K/protein kinase B (Akt)
signaling pathway, thereby alleviating insulin resistance (Ke et al.,
2013). In type 2 diabetes model (T2DM) rats, AME reduces the release
of TNF-q, upregulates glucose transporter 2 expression, enhances the
absorption and utilization of blood glucose by the liver and skeletal
muscle, and reduces insulin resistance through the PI3K/Akt/
mechanistic target of rapamycin (mTOR) and PPARy signaling
pathways (Zhang et al., 2019).

Ata dose of 60 mg/kg AME can repair damaged pancreatic tissues
in mice with diabetes and enhanced pancreatic islet B cell function
(Zheng et al., 2008). The molecular structure of AME can stably bind
to the structure of human islet amyloid polypeptide (hIAPP), thereby
interfering with the peptide assembly and abnormal folding process,
separating hIAPP fibrils into small oligomers and particles, and
reducing the cytotoxicity induced by hIAPP oligomerization (Xu
et al, 2022). These results indicate that AME can regulate blood
lipids and blood glucose from multiple perspectives and different
mechanisms and can alleviate various injuries.

3.1.4 Promoting vascular repair

Endothelial growth factor (VEGF) is a key factor in the early
formation of blood vessels and a highly selective mitogen for ECs,
promoting the proliferation and migration of ECs to promote
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angiogenesis (Wiszniak and Schwarz, 2021). AME promotes the
proliferation of HUVECs in the mitotic S phase in a dose-dependent
manner, and upregulates the expression of VEGF, indicating that it
plays a role in repairing vascular endothelial cell damage (Zheng
et al, 2011). However, under pathological conditions, VEGF
increases the instability of atherosclerotic plaques by promoting
angiogenesis and inflammatory infiltration, leading to plaque
shedding (Qin et al., 2021). Using two different experimental
models, it was found that AME can specifically bind to members
of the VEGF family, VEGF-A and placental growth factor-1 (PIGF-
1), preventing them from further binding to their receptors and
inhibiting endothelial cell migration and capillary-like tube
production induced by VEGF-A and PIGF-1, thereby inhibiting
the growth and formation of vessels (Tarallo et al, 2011). The
abnormal proliferation and migration of VSMCs can lead to
vascular lesions, which are the hallmark of atherosclerosis,
vascular intimal hyperplasia, and arterial stenosis. AME can
inhibit the ox-LDL-induced transformation of VSMCs to foam
cells through the CD-36/PPARy signaling pathway, and can
inhibit VSMC migration, thereby promoting vascular repair
(Zhuang, 2020).

3.1.5 Improving blood circulation

The vasodilator effect of AME may be associated with the
receptor, the [-adrenergic receptor, the
endothelium-derived vasodilator factor. NO is produced by the

muscarinic and
catalytic action of iNOS on L-arginine. The vasodilator effect of
NO is mediated through the increase of guanosine 3',5'-cyclic
monophosphate (cGMP) levels in smooth muscle. When the
vascular endothelium experiences dysfunction, the release of NO
decreases, and the vasoconstriction produced by directly activating
vascular smooth muscle further reduces the production of NO
(Borow et al, 2015). AME has a significant vasodilator effect;
however, after injury to the vascular endothelium of injured rats,
its vasodilator effect is inhibited, suggesting that AME may act on
the vascular endothelium. The vasodilator effect of AME is also
inhibited by NO inhibitors in intact vascular endothelium but is not
affected by the addition of propranolol hydrochloride and atropine,
suggesting that AME may produce a vasodilator effect by affecting
the release of NO from the vascular endothelium (Xun and Yin,
2009). iNOS inhibitors can block the vasodilator effect of AME.
Guanylate cyclase inhibitors also block the vasodilator effect of
AME. Based on a series of experiments, they concluded that
AME activates the Ca**-dependent K* channel of ECs, affecting
the NO-cGMP signaling pathway, thereby relaxing the vascular
smooth muscle and causing vasodilation (Kang et al., 2004).

After the rupture of atherosclerotic plaques, the activation of
platelets and thrombin promotes thrombus formation, leading to
vascular blockage and interruption of circulation (Ahmed et al,
2020). Thrombin is a serine protease that plays a significant role in
the coagulation cascade, thrombus formation, and platelet activation
(Brummel et al., 2002). Therefore, drugs that act on thrombin can
alleviate disease progression caused by atherosclerosis. AME in (St.
John’s Wort Diosc.) can inhibit the activity of human thrombin in a
dose-dependent manner (Wei et al., 2019). The study compared the
effects of 16 major components in Ginkgo biloba on thrombin and
found that AME has a high affinity for human thrombin and is a
strong human thrombin inhibitor. Subsequent molecular docking
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experiments revealed that it can primarily bind to key amino acids in
the active site of thrombin through salt bridges and hydrogen bonds
(Chen et al.,, 2019). Using an acute rat blood stasis model, it was
demonstrated that AME can reduce plasma fibrinogen levels to
prolong coagulation time, thereby improving blood circulation (Xi
et al,, 2020). Furthermore, AME has been shown to inhibit platelet
aggregation induced by adenosine diphosphate and arachidonic
acid, but has no effect on platelet aggregation induced by
thrombin (Zhang et al, 2018). The mechanism underlying these
effects warrant further study. These results suggest that AME could
serve as a natural drug for targeting thrombin and platelets.

3.2 Effect of AME on
cardiocerebrovascular diseases

3.2.1 Limiting myocardial ischemic injury,
myocardial infarction and myocardial fibrosis

Myocardial ischemic injury can lead to myocardial infarction,
and myocardial fibrosis may occur after infarction, a process that
further affects heart function. If left untreated, myocardial ischemia
can lead to damage of the heart, ultimately increasing the risk of
developing myocardial infarction over time. Patients who have had a
myocardial ischemia often have persistently elevated TNF-a levels.
(Ridker et al., 2000). Overexpression of TNF-a, IL-1B, and IL-6 can
amplify the harmful effects of inflammation by inducing cell
apoptosis. Therefore, inhibiting these inflammatory factors is a
promising strategy to prevent the escalation of myocardial
ischemic injury. (Kumari et al., 2024).

Ischemic reperfusion injury experiments in mice, have shown
that AME significantly reduces the levels of serum myocardial
enzymes, specifically lactate dehydrogenase and creatine kinase
MS isoenzyme, indicating the protective effects of AME on
H9c2 myocardial cells. AME was also shown to significantly
reduce the levels of IL-1pB, IL-6, and TNF-a in cell supernatants,
inhibiting cell apoptosis after myocardial ischemia-reperfusion
injury in rats and reducing the size of the myocardial infarction
area (Li et al, 2021). It was discovered that AME improved
myocardial ischemia-reperfusion injury by modulating the PI3K/
Akt-NF-kB signaling pathway, enhancing the phosphorylation of
Akt and inhibiting the phosphorylation of NF-kB, reducing cardiac
cell apoptosis, and lowering the release of associated inflammatory
factors (Li, 2020). In the myocardial infarction model, AME can
reduce the values of left ventricular end-systolic diameter and left
ventricular end-diastolic diameter, and increase the value of left
ventricular ejection fraction, indicating that AME can effectively
improve the cardiac function of rats after myocardial infarction.
AME can also reduce the expression of carboxy terminal peptide of
type I procollagen and the amino terminal peptide of type III
procollagen in rats after myocardial infarction, indicating that
AME can inhibit myocardial fibrosis after myocardial infarction.
The
metalloproteinase MMP-2 and transforming growth factor TGF-
B1 expression (Chen et al., 2023).

mechanism may involve downregulation of matrix

3.2.2 Reducing cardiac insufficiency
AME can
dysfunction and reduce myocardial injury. Furthermore, AME

improve adriamycin (DOX)-induced cardiac
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can significantly reduce the expression of cell pyroptosis-related
proteins, such as NLRP3, cleaved caspase-1, and cleaved gasdermin
D, thereby inhibiting myocardial cell pyroptosis without affecting
the expression of apoptosis-related proteins. The primary
mechanism of AME action is through the inhibition of the
stimulator of interferon genes (STING)/NLRP3 inflammasome
signaling pathway (Fang G. et al., 2023). The effect of AME on
DOX-induced

perspectives, including pathological characterization, antioxidant

cardiotoxicity was investigated from several
stress, mitochondrial function recovery, anti-inflammatory effects,
and apoptosis inhibition. It was found that AME increases heart
weight to reverse DOX-induced heart atrophy, ameliorates oxidative
stress-induced cardiac injury by reducing MDA, inhibits NADPH
oxidase (NOX) expression, increases SOD levels, upregulates the
expression of myocardial mitochondrial-related genes nuclear
respiratory factor-1 (NRF-1) and mitochondrial transcription
factor A (TFAM) to address mitochondrial dysfunction, decreases
IL-6 and NF-kB expression to exert anti-inflammatory effects,
upregulates heat shock protein 27 (HSP-27) and downregulates
fas ligand (Fasl) expression to influence the process of cell
apoptosis (Alherz et al, 2022). Through comparing effects of
different dietary supplements on rat atria, it was discovered that
AME and quercetin might be the pharmacologically active
components of GBE in terms of its positive inotropic and
chronotropic effects. Moreover, 10-50 pg/mL of AME can
significantly increase the heart rate of rat atria without altering
myocardial contractility (Kubota et al, 2002). However, other
studies have shown that AME can inhibit the activity of cAMP
diesterase, thereby enhancing myocardial contractility and dilating
peripheral vessels, further promoting blood flow in the body and
reducing pressure on the heart and vessels (Saponara and Bosisio,
1998). This suggests that AME is a potential drug for the treatment
of heart failure.

3.2.3 Improving cardiovascular function

It was discovered that AME exerts a protective effect on
cardiovascular dysfunction through several mechanisms: (1)
Ultrasonic electrocardiographic evaluations have shown that
AME can inhibit the increase in left ventricular internal
diameter and the thickness of the posterior wall during
diastole, reduce left ventricular mass, alter the ejection
fraction and relative wall thickness, and inhibit the increase in
cardiac stiffness and left ventricular wet weight induced by an
HFFD. (2) In settings of oxidative stress, AME can modify the
levels of oxidative stress markers such as thiobarbituric acid
reactive substances, glutathione (GSH), SOD, catalase (CAT)
in plasma, and can inhibit the increase in NOX in the heart,
thereby reducing the degree of oxidative stress-induced cardiac
injury. (3) In rats fed a HFFD, AME inhibits the increased
expression of angiotensin (Ang) II receptors, angiotensin-1A
receptor and the decreased expression of angiotensin type
2 receptors the system
significantly inhibit the increase in blood pressure. (4) AME

in renin-angiotensin and can
inhibits phenylephrine-induced aortic vasoconstriction and
The

mechanism of action of AME may involve the regulation of

increased acetylcholine-induced vascular relaxation.

NOX, thereby modulating angiotensin II cell signaling and
oxidative stress (Qin et al., 2018).
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3.2.4 Limiting ischemic brain damage

Ischemic stroke is one of the most common brain diseases,
accounting for 85% of cerebrovascular diseases (Oliveira et al.,
2023). Research has shown that AME can protect the brain from
perspectives.  First,
administration of AME to rats with hypoxic-ischemic brain

hypoxic-ischemic injury from multiple
injury reduced brain tissue damage in the forebrain by 50%.
Second, in vitro experiments showed that AME exhibits excellent
neuroprotective effects against DNA damage, mitochondrial
and NO-induced injury. In wvivo experiments
that AME inhibits caspase 3-induced
pyroptosis in a dose-dependent manner, decreases the expression

damage,
demonstrated cell
of INOS and COX-2, and suppresses the production of
inflammatory factors such as IL-13 and TNF-a stimulated by
LPS, thereby reducing the damage caused to microglia by these
inflammatory factors (Shin et al., 2006). In a study, a model of left
common carotid artery occlusion stroke to investigate the protective
effects of AME on cerebral ischemia/reperfusion injury in rats. The
findings indicated that after ischemia/reperfusion injury, AME
significantly reduced the neurological deficit scores, improved
motor coordination ability and spontaneous activity, reduced the
levels of TNF-a, IL-1B, and IL-6, inhibited the NF-«B signaling
pathway, reduced caspase-3 to block cell apoptosis, increased the
levels of TNF receptor-associated factor family member-associated
NF-kB activator-binding kinase 1 and interferon {, reduced MDA
levels, and increased GSH and CAT levels in the brain. The
mechanism of AME may be mediated by high mobility group
box protein Bl (HMGBI1) through the toll-like receptor-4
(TLR4)/NF-kB signaling pathway (Saeedan et al, 2023). These
experimental phenomena and mechanisms indicate that AME
has a good protective effect on ischemic brain injury.

3.3 Effect of AME on neurological diseases

3.3.1 Preventing Alzheimer’s disease

Alzheimer’s disease (AD) is a neurodegenerative disorder
characterized by the accumulation of B-amyloid (AB) peptides,
neurofibrillary tangles formed by hyperphosphorylated tau

proteins, abnormal oxidative stress damage, inflammatory

responses, and neurotransmitter disorders in affected brain
regions (Breijyeh and Karaman, 2020). It is commonly treated
with acetylcholinesterase (AChE) inhibitors and N-methyl-D-
aspartate receptor antagonists. Although these medications can
alleviate clinical manifestations, they do not reverse cognitive
impairment, and are often accompanied by common side effects,
including gastrointestinal symptoms, confusion, dizziness, and
headaches. (Chin et al., 2022).

Overproduction of A leads to the formation of neurofibrillary
plaques in the brain, which subsequently accumulate in the blood
vessels to cause cerebral amyloid angiopathy (Han et al.,, 2022).
Therefore, inhibiting the production of AP and promoting its
clearance are crucial for improving AD. In a study, researchers
used the fluorescent dye thiazine 1,3,5-tetracarboxylic acid to
investigate the inhibitory effect of various flavonoid compounds
on AP aggregation and the structure-activity relationship of
promoting AP fibril disaggregation. The results indicated that
AME could inhibit the formation of AP, 4, fibrils, had a better
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affinity for AP, 4, fibrils than for AP, 4 fibrils. The hydrophilic
group of AME was the key group for its function. Furthermore,
among flavonoid compounds with different structures, AME with
four hydroxyl groups could most effectively inhibit A fibrillation
and promote the disaggregation of pre-formed Ap fibrils (Choi et al.,
2020). Another study showed that increasing the number of
methoxy groups on the AME parent structure weakened the
inhibitory activity of AME on APy, and the connection of single
bonds also affected the inhibitory activity (Sirimangkalakitti et al.,
2019). A study elucidated how AME inhibits the aggregation of AP,
peptide at the atomic level. AME bound to aromatic residues in the
N-terminal of Ay, peptide, forming a stable - interaction, which
destabilized the fibril structure. Subsequently, AME utilized its
hydrogen bond donor/acceptor specificity to disrupt the
hydrogen bond potential of the fibril peptide backbone, thereby
the fibril
disaggregation (Windsor et al., 2021).

A study explained the anti-AD function of AME from the
perspective of receptor-mediated endocytosis for AP clearance.

disrupting structure and promoting AP fibril

AME can significantly increase AP uptake by mouse N2a neural
cells through class A scavenger receptors, and then enter the
lysosome within the cell, where it is degraded by relevant
enzymes without causing cytotoxicity. The hydroxyl group in the
molecular structure of AME enhances AP uptake, whereas the
substitution of methyl groups decreases its uptake effect (Han
et al, 2022). Another study identified AME from a library of
polyphenolic compounds that can increase the activity and
expression of neuropeptidase, an AP degradation enzyme, thereby
delaying the progression of AD. Among them, the double-bond
chemical structure in the C ring of the AME structure can
significantly enhance neuropeptidase activity (Hori et al.,, 2023).
Research indicated that among various flavonoid compounds,
AME exhibited the strongest neuroprotective effect, significantly
inhibiting ROS-induced oxidative stress damage in SHSY5Y
neuroblastoma cells. AME reduced DNA damage induced by
etoposide DNA damage, whereas other flavonoid compounds
increased cell death caused by DNA damage. Moreover, at a
concentration of 2 uM, AME was most effective at reducing
cytotoxicity induced by the AP,sss peptide in rat PC12 cells,
indicating the therapeutic potential of AME in neurodegenerative
diseases (Kang et al., 2005). Futher studies found that AME could
differentially protect SH-SY5Y neural cells from various cytotoxic
factors such as hydrogen peroxide, okadiac acid, and APs 3s.
Specifically, AME was able to inhibit okadiac acid-induced tau
protein hyperphosphorylation, restore mitochondrial membrane
potential to inhibit cell apoptosis, and protect microtubule
and mitochondrial function. Furthermore, AME
exhibited strong antioxidant capabilities against mitochondrial

structure

dysfunction and ROS-induced oxidative stress damage. AME also
bound to B-secretase to inhibit its activity, thereby preventing the
degradation of AP protein precursor to produce large amounts of A
(Zhang, 2014). In models of AD, AME could activate nuclear factor
erythroid 2-related factor-2 (Nrf2) through affecting the adenosine
(AMPK)/GSK-3-p
signaling pathway to exert antioxidant stress effects, ameliorating

monophosphate-activated ~ protein  kinase

ApB-induced neural function deficits and neuronal apoptosis (Chen

et al., 2018). Although studies have shown that GSK-3-p is involved
in the regulation of Nrf2 by AME, further verification is required to
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determine the mechanism by which AME affects GSK-3-f signaling-
mediated tau phosphorylation. Tt was demonstrated through
multiple experiments that AME, as a bifunctional chelator, can
bind to various AP aggregates with high affinity and reduce their
induced cytotoxicity. Additionally, AME can effectively chelate with
Cu’" and exhibit strong antioxidant activity, thereby preventing the
formation of soluble AP oligomers and ROS-induced by metal ions
in the brain (Sun et al., 2020).

Autophagy can degrade and recycle proteins produced by
misfolding and damaged organelles, thereby maintaining protein
homeostasis. The activation of autophagy in cells can effectively
eliminate the accumulation of A, thereby reducing the progression
of AD (Zhang Z. et al,, 2021). AME can improve the memory and
cognitive impairment induced by A,s 35 in the brains of mice and
alleviate inflammation, oxidative stress, and the immune response in
the hippocampus. Additionally, it can enhance autophagy by
binding to multiple amino acid residues of the mTOR protein,
thereby inhibiting further phosphorylation of mTOR and exerting a
neuroprotective effect against AD (Cao et al., 2021). Experiments
were conducted on neuronal cell damage induced by AB; 4. It was
found that AME can improve neuronal dysfunction induced by AB;_
1 in rats and inhibit NLRP3 inflammasome-induced pyroptosis by
regulating AMPK/GSK-3-f signaling, thereby ameliorating the
neurotoxicity caused by AP; 4, in AD (Zhao et al., 2019).

Using the scopolamine-induced dementia mouse model, it was
discovered that oral administration of AME can inhibit the activity
of AChE and increase acetylcholine levels. Furthermore, it can
improve the oxidative stress damage induced by scopolamine in
mice, mainly by reducing MDA levels and increasing GSH activity,
thereby ameliorating cognitive impairment (Ishola et al., 2013a).
Addtionally, a study collected 50 flavonoid compounds with
therapeutic potential for AD. Molecular docking experiments
were conducted with the human a7 nicotinic acetylcholine
receptor (a7nACHR) and found that after binding with AME, it
exhibited the best affinity and good stability parameters (Singh et al.,
2023). However, the effectiveness of AME as an a7nACHR agonist
for treating AD requires further verification.

3.3.2 Treating Parkinson's disease

In Parkinson’s disease (PD), melanin is released as neurons
degenerate. Subsequently, it is recognized and ingested by microglia,
leading to inflammatory damage. In patients with PD, the
breakdown of dopaminergic neurons can be attributed to chronic
which leads the
accumulation of Lewy bodies in the compact region of the

neuroinflammation, to production and
substantia nigra in the brain. The main pathological features of
PD are damage to dopaminergic neurons in the midbrain substantia
nigra and the establishment of diffuse Lewy bodies, which
subsequently lead to motor neuron dysfunction. Therefore, taking
measures to inhibit neuroinflammation may be beneficial for
alleviating PD clinical manifestations (Sharma et al., 2023).
Microglia, analogous to macrophages within the brain, can be
activated by various stimuli to release a range of inflammatory
mediators, thereby initiating an inflammatory response that may
result in neural damage (Cai et al., 2022). AME has been shown to
improve motor dysfunction and anxiety-like and depressive-like
behaviors in the LPS-induced PD rat model. Mechanistic studies

revealed that AME effectively inhibits the expression of pro-
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inflammatory factors (TNF-a, IL-1pB, IL-6, iNOS, COX-2) and
enhances the expression of anti-inflammatory factors (IL-4, TGF-
B, Arg-1, CD206), indicating that AME promotes the polarization of
towards the M2
Furthermore, AME significantly ameliorates the reduction in

microglia anti-inflammatory  phenotype.
tyrosine hydroxylase-positive neurons and the increase in a-
synuclein expression observed in the model, suggesting that AME
exerts neuroprotective effects in the LPS-induced PD model (Liu
et al., 2024). It has been discovered that after LPS stimulation2 of rat
astrocytoma cells (C6), AME significantly inhibited the production
of nitrites, ROS, MDA, and TNF-q, upregulated GSH levels, and
reduced intracellular oxidative stress (Ishola et al., 2013b). Activated
ERK1/2 promotes cell death due to oxidative toxicity, but AME can
alleviate oxidative stress damage caused by glutamate and ROS in
HT22 neuronal cells by maintaining the activity of antioxidant
enzymes and inhibiting ERK1/2 activity (Jeong et al, 2014).
Molecular docking studies have revealed that AME exhibits
strong binding affinity with the glutathione peroxidase 4 (GPX4)
protein, which is involved in ferroptosis (Xiong et al., 2024). It was
reported that AME can inhibit inflammation induced by ferroptosis
in HT22 cells triggered by homocysteine. However, it is important to
note that AME treatment results in decreased expression levels of
both solute carrier family 7 member 11 (SLC7A11) and GPX4.
Given that the SLC7A11/GPX4 signaling pathway requires the
upregulation of these proteins to effectively suppress ferroptosis,
the observed reduction in their expression following AME treatment
may affect its efficacy in preventing ferroptosis (Wang et al., 2024).

In vivo and in vitro PD model studies demonstrated that AME
can significantly reduce the expression of glial fibrillary acidic
protein and lbal markers in glial cells under inflammatory
conditions, decrease the activation of caspase-3 and p2l, and
reduce the expression levels of IL-1p and iNOS and increase the
Bcl-2/Bax ratio, through the PI3K/Akt and ERK signaling pathways.
In this study, in a vitro mouse model induced by methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (MPTP), AME was able to protect
dopaminergic neurons and reduce striatal fiber loss (Cao et al,
2017). These findings suggest that AME can exert beneficial effects
on dopaminergic neurons and glial cells, thereby ameliorating the
clinical manifestations of PD. Furthermore, studies have shown a
(ACE)/Ang 11/
angiotensin II receptor-1 (ATIR) axis is activated at the onset of

deregulated angiotensin-converting enzyme
PD, leading to free radical damage, cell apoptosis, and neuronal
disruption. AME can bind to the mitochondrial assembly receptor
(MASR) protein and activate the ACE2/Ang (1-7)/MASR, thereby
neutralizing the neurodegenerative changes triggered by the ACE/

Ang II/ATIR axis (Bhadauriya et al., 2023).

3.3.3 Treating epilepsy

The development of inflammation is closely related to the onset of
epilepsy and its clinical progression. Brain inflammation can promote
neuronal excitability, reducing the seizure threshold, thereby triggering
seizures. Therefore, anti-inflammatory therapy can be used to prevent
and treat seizures (Alsaegh et al, 2021). Studies found that AME
improve pentetrazole-induced cognitive dysfunction by inhibiting the
NLRP3 inflammasome, reducing the susceptibility to seizures and
apoptosis in hippocampal neurons of mice. In this study, AME can
also inhibit the mRNA expression of NLRP3, ASC, and caspase-1 in
BV2 microglia induced by LPS, reducing the expression of
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inflammatory factors IL-1P, IL-18, and TNF-a. However, in the
absence of inflammation, administration of AME to mice did not
affect the expression of these proteins and inflammatory factors (Rong
et al,, 2019). Research indicated that AME can inhibit the activation and
nuclear translocation of NF-kB p65 subunit in mice, thereby inhibiting
the NF-kB signaling pathway to reduce the injury of hippocampal
CALI neural cells. AME can also reduce the production of inflammatory
mediators NO and PGE-2, and inflammatory factors IL-6 and IL-B in
neural cells. Furthermore, histological analysis found that AME can
protect neurons after status epilepticus, inhibit the excessive discharge
of hippocampal neurons, and shorten the duration of seizures (Zhang
etal,, 2015). These results indicate that AME has a good protective effect
on hippocampal neuronal injury caused by epilepsy and has good anti-
inflammatory effects. A study employed various computational
methods and found that AME exhibits superior affinity for o-
amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) and
voltage-gated sodium ion channels (VGSC) receptors compared to
phenytoin. Additionally, physicochemical and pharmacokinetic studies
indicate that AME is suitable for oral administration, demonstrating
favorable intestinal permeability and the ability to cross the blood-brain
barrier, with no significant risk of toxicity (Salaria et al., 2024). These
findings suggest that AME is a promising candidate for further research
as a potential treatment for epilepsy.

4 Conclusion and future perspective

AME has been reported in multiple studies as the primary active
pharmacological component from its plant sources, with a wide range
of pharmacological effects (Yu et al., 2017; Li et al., 2021; Zhang et al.,
2015). Due to the unique chemical structure of AME, its biological
activity can be significantly influenced by multiple factors. Further
studies could elucidate how various factors, such as photooxidation,
affect the structural stability of AME. Additionally, pharmacokinetic
studies have demonstrated that AME undergoes rapid metabolism in
the body, resulting in low bioavailability. Therefore, modifying the
natural structure or developing suitable drug formulations of AME is
crucial for improving its therapeutic properties and enhancing its
bioavailability.

The anti-inflammatory, antioxidant, and lipid-lowering effects of
AME are notable, and recent studies have demonstrated its application
in various cardiac and neurological diseases, suggesting that it may have
significant anti-atherosclerotic effects. However, most of the current
data on AME are derived from in vitro cell experiments, with limited in
vivo animal testing. More comprehensive animal experiments are
required to validate its pharmacological activity. One study has
found that AME may have hepatotoxic and nephrotoxic effects (Li
D et al, 2019). This warrants further investigation.

AME exhibits significant therapeutic effects on various
cardiocerebrovascular ~ diseases and neurological disorders,
potentially functioning through multiple mechanisms. All these
disease processes are accompanied by inflammatory responses,
which are triggered by multiple factors. AME can affect multiple
inflammatory mediators and mechanisms, suggesting that it has
considerable potential for treating these diseases. However, the
specific mechanisms of action involved in the effects of AME on
inflammatory diseases require further research. Hemodynamic
factors such as in the

hypertension cannot be ignored

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2024.1406510

Zhang et al.

development of cardiocerebrovascular; however, the mechanisms
and targets by which AME counters the effects of these factors
remain unclear. Currently, there remains controversy regarding
whether AME can exert a therapeutic effect on AD. Furthermore,
the specific mechanisms by which AME influences the cellular
uptake and clearance of A also require further validation research.

In summary, AME exhibits multiple activities, indicating its
potential as a natural drug for treating cardiocerebrovascular
diseases and neurological disorders. Further studies on its
pharmacokinetics and toxicology are required to ensure its safety
and efficacy.
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Glossary

AME Amentoflavone

AGEs Advanced glycation end-products

ASK1 Apoptosis signal regulating kinase 1

Akt Protein kinase B

AD Alzheimer’s disease

Ap B-amyloid

AChE Acetylcholinesterase

Ang Angiotensin

ACE Angiotensin-converting enzyme

AMPK Adenosine monophosphate-activated protein kinase
ATIR Angiotensin II receptor-1

Argl Arginase 1

AUC(0-t) Area under the concentration-time cure
AUC(0-00) From time zero to all original drug elimination
AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
a7nACHR a7 nicotinic acetylcholine receptor

Cinax Maximum blood concentration

CL/F Clearance

COX-2 Cyclooxygenase-2

CD36 Cluster of differentiation 36

C/EBP Transcription factor CCAAT enhancer binding protein
CAT Catalase

cGMP Guanosine 3’,5’-cyclic monophosphate
caspase Cysteinyl aspartate specific protease
DPPH 1,1-diphenyl-2 trinitrophenylhydrazine
DOX Adriamycin

ECs Endothelial cells

ET-1 Endothelin-1

ERK Extracellular signal-regulated kinase

Fasl Fas ligand

F Bioavailability

Fizzl Found in inflammatory zone

GSK-3-p Glucose synthesis kinase-3-p

GBE Ginkgo biloba extract

GSH Glutathione

GPX4 Glutathione peroxidase 4

HMGB1 High mobility group box protein Bl
HSP-27 Heat shock protein 27

HFFD High fructose and fat diet

HPLC High-performance liquid chromatography

HUVECs Human umbilical vein endothelial cells

hIAPP Human islet amyloid polypeptide
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IL

IkB
iNOS
LPS
LDL
MRT, .,
MRT,.,
MMPs
MCE
MDA
MAPK
mTOR
MPTP
MASR
MIF
NLRP3
NOX
NF-xB
NO
Nrf2
NREF-1
ox-LDL
PGE-2
PPAR
PI3K
PD
PIGF-1
ROS
SOD
STING
SLC7A11

TG

T2DM
TNF
TGF
TLR4
TFAM

UGTIA

10.3389/fphar.2024.1406510

Interleukin

Inhibitor of NF-kB

Nitric oxide synthase

Lipopolysaccharide

Low-density lipoprotein

Mean residence time

Average retention time for a certain period of time
Matrix metalloproteinases

Mitotic clonal expansion phase
Malondialdehyde

Mitogen-activated protein kinase
Mechanistic target of rapamycin
Methyl-4-phenyl-1,2,3,6-tetrahydropyridine
Mitochondrial assembly receptor

Macrophage migration inhibitory factor

NOD-like receptor thermal protein domain associated protein 3

NADPH oxidase

Nuclear factor-kappa B

Nitric oxide

Nuclear factor erythroid 2-related factor-2
Nuclear respiratory factor-1
Oxidized low-density lipoprotein
Prostaglandin E-2

Peroxisome proliferator-activated receptor
Phosphoinositide 3-kinase
Parkinson’s disease

Placental growth factor-1

Reactive oxygen species
Superoxide dismutase

Stimulator of interferon genes
Solute carrier family 7 member 11
Triglycerides

Thioredoxin

Thioredoxin reductase-1

Time to peak concentration
Biological half-life

Type 2 diabetes model

Tumor necrosis factor
Transforming growth factor
Toll-like receptor-4

Mitochondrial transcription factor

Uridine diphosphate glucuronosyltransferase 1 family, polypeptide A
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V/F Apparent distribution volume
VSMCs Vascular smooth muscle cells
VEGF Endothelial growth factor

VGSC Voltage-gated sodium ion channels
Yml Chitinase-like protein 3
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