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Metabolic dysfunction-associated fatty liver disease (MAFLD), also known as non-
alcoholic fatty liver disease (NAFLD), has emerged as one of the most common
chronic liver diseases globally, with a tendency to progress gradually. With
persistent disease progression, it may subsequently manifest as complications,
including non-alcoholic steatohepatitis (NASH), cirrhosis, and liver cancer, and
has been clinically established as a primary causative factor for liver failure and
clinical scenarios necessitating liver transplantation. AMP-activated protein
kinase (AMPK) is the central regulatory hub governing cellular energy
homeostasis. It plays a central regulatory role in improving lipid metabolic
disorders and represents a key molecular nexus for the management of
MAFLD. Currently, the pathogenesis of MAFLD remains unclear, and treatment
options are still limited, posing a signi�cant public health challenge. Natural active
botanical metabolites, which are important sources of novel therapeutic drugs,
are widely available in nature and characterized by strong practicability and low
cost. Growing evidence suggests that natural active botanical metabolites have
de�nite therapeutic effects on MAFLD and hold broad application prospects. This
study aims to systematically review in vivo and in vitro experimental evidence on
natural active botanical metabolites targeting the AMPK pathway for the
treatment of MAFLD. Based on our research �ndings, it is anticipated that
effective natural active botanical metabolites can be incorporated into novel
formulations in the future, which are expected to facilitate its bench-to-bedside
transformation.
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GRAPHICAL ABSTRACT

1 Introduction

The nomenclature for non-alcoholic fatty liver disease (NAFLD)
has been updated to metabolic dysfunction-associated fatty liver
disease (MAFLD), which is the latest terminology for fatty liver
disease associated with metabolic syndrome (Chan et al., 2023). This
change was �rst proposed by Eslam et al., in 2020 (Eslam et al.,
2020a; Eslam et al., 2020b). The diagnostic criteria for MAFLD have
been rede�ned as follows: based on imaging or histologically
con�rmed hepatic steatosis, patients must exhibit at least one
concurrent metabolic abnormality: � dysmetabolic weight status;
�con�rmed type 2 diabetes mellitus (meeting WHO diagnostic
criteria); �metabolic dysfunction evidenced by two or more
cardiometabolic risk factors (abdominal adiposity, atherogenic
dyslipidemia, hypertension, or prediabetic states). It is worth
noting that, unlike the diagnostic criteria for NAFLD, excluding
other liver diseases (including alcoholic, autoimmune, or viral
hepatitis) is not a prerequisite for diagnosing MAFLD. This
updated de�nition was introduced to better re�ect the metabolic
nature of the disease to remove the “non-alcoholic” label, and place
greater emphasis on clinical phenotypes (Eslam et al., 2020a).
MAFLD is a high-prevalence hepatopathy that causes extensive
liver damage. Histologically, it manifests as lobular in�ammation
and hepatocyte ballooning, among other features (Chan et al., 2023).

In severe cases, it can lead to adverse hepatic outcomes such as liver
�brosis, cirrhosis, and hepatocellular carcinoma (Huang and Liu,
2023). Therefore, MAFLD is also considered a signi�cant factor
in�uencing the mortality rate of liver-related diseases. With the
gradual prevalence of diabetes, and obesity globally, the overall
prevalence of MAFLD has also shown an upward trend (Sangro
et al., 2023; Younossi et al., 2023; Liu K. et al., 2024). MAFLD has
emerged as a major public health issue, affecting up to 25% of the
global adult population (Saiman et al., 2022). Studies estimate that
from 1991 to 2019, the prevalence of MAFLD has increased from
21.9% to 37.3%, with a yearly increase of 0.7% (P < 0.0001), and it is
still increasing, posing a signi�cant economic, health, and social
burden globally (Le et al., 2022). The current understanding of the
pathogenesis of MAFLD remains unclear. Early researchers
proposed the “two-hit” theory to explain the pathomechanism of
MAFLD. This theory suggests that hepatic steatosis and insulin
resistance (IR) caused by abnormal accumulation of free fatty acids
constitute the “�rst hit”. The “second hit” phenomenon is
characterized by secondary tissue injury, in�ammatory responses,
metabolic dysregulation including insulin resistance, �brotic
remodeling, and other pathological alterations, mediated through
mechanisms involving elevated oxidative stress, peroxidative
damage to lipids, and compromised mitochondrial bioenergetics
(Basaranoglu et al., 2013; Friedman et al., 2018; Engin, 2024).
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Recently, it has been generally accepted that the more accurate
pathogenesis of MAFLD is the “multiple-hit” hypothesis, which
builds upon the “second-hit” theory. It indicates that various
harmful factors team up to affect genetically prone individuals,
causing MAFLD. These factors include oxidative stress,
mitochondrial dysfunction, endoplasmic reticulum stress, gut
microbiota changes, and lipotoxicity (Pa�li and Roden, 2021;
Guo et al., 2022).

Adenosine 5�-monophosphate (AMP)-activated protein kinase
(AMPK) is a ubiquitously expressed serine/threonine protein kinase
in the human body. AMPK consists of a heterotrimeric complex
comprising a catalytic � subunit (�1, �2), a structurally and
regulatory essential � subunit (�1, �2), and a regulatory � subunit
(�1, �2, �3) (Cui et al., 2023). AMPK can sense the intracellular
energy state and is activated when intracellular ATP concentration
decreases and AMP or ADP concentration increases (Steinberg and
Hardie, 2023). Activated AMPK initiates corresponding biological
responses by phosphorylating a series of downstream target proteins
to restore cellular energy homeostasis. The speci�c mechanisms

include inhibiting de novo lipogenesis (DNL), promoting fatty acid
oxidation (FAO) and lipid breakdown, as well as maintaining
mitochondrial functional integrity to regulate autophagy and
oxidative stress, among others (Smith et al., 2016; Fang et al.,
2022). It maintains the steady state of lipid metabolism through
the activation of its mediated signaling axes such as the LKB1-
AMPK axis, SIRT1-AMPK axis, AMPK-ACC axis, AMPK-SREBP1
axis, and AMPK-mTOR axis. Numerous studies have shown that the
AMPK pathway may be a promising target of action for the
treatment of MAFLD (Fang et al., 2022).

Unfortunately, the complex pathophysiological characteristics
of MAFLD make it dif�cult to �nd a single effective treatment
method. Clinical options for treating MAFLD are limited, mainly
through lifestyle changes such as dietary changes and increased
exercise (Romero-Gómez, 2022). The development of
pharmacological treatment regimens remains ongoing. Current
drugs under clinical investigation include antidiabetic agents,
Farnesoid X Receptor (FXR) agonists, Peroxisome Proliferator-
Activated Receptor (PPAR) agonists, thyroid hormone receptor

FIGURE 1
Schematic illustration showing partial mechanisms of activated AMPK against MAFLD: (1) Activating AMPK can inhibit key enzymes in the de novo
lipogenesis pathway, reduce the synthesis and accumulation of fat in the liver, and thereby alleviate the severity of fatty liver; (2) Promoting FAO increases
energy supply and reduces the accumulation of fatty acids in the liver, which helps improve hepatic steatosis; (3) Inducing the process of autophagy to
clear damaged organelles and protein aggregates, reducing endoplasmic reticulum stress, thereby protecting hepatocytes from damage; (4)
Enhancing the cellular antioxidant defense system, reducing the production of ROS, and up-regulating the activities of antioxidant enzymes such as SOD
and GSH-Px to protect hepatocytes from oxidative damage; (5) Enhancing insulin signal transduction, increasing insulin sensitivity, promoting glucose
uptake and utilization, reducing hepatic gluconeogenesis, thereby improving insulin resistance. (6) Inhibiting in�ammatory signaling pathways, reducing
the production of in�ammatory factors (such as IL-1�, IL-6, TNF-�, etc.), alleviating in�ammatory responses in the liver, and preventing the progression of
MAFLD to more severe liver diseases.
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(THR) agonists, etc. However, these therapies face challenges such as
toxicity/side effects, unde�ned optimal dosing regimens, unclear
mechanisms of action, and insuf�cient validation through large-
scale clinical trials (Sangro et al., 2023). As of 2024, Resmetirom is
the only drug approved by the Food and Drug Administration
(FDA). It is an oral, liver-targeted, thyroid hormone beta receptor-
selective agonist. Although clinical trials have demonstrated
resmetirom’s therapeutic potential for non-cirrhotic MASH and
moderate to advanced liver �brosis, gastrointestinal adverse events
such as diarrhea and nausea remain signi�cantly higher compared to
the placebo group. The potential risks of diseases related to the
thyroid, gonads, or bones also need to be monitored. Furthermore,
its long-term safety and sustainability have not yet been con�rmed
through large-scale clinical trials (Bittla et al., 2024; Petta et al., 2024;
Suvarna et al., 2024). Consequently, the clinical implementation of
resmetirom remains a signi�cant challenge. Compared to Western
medicine, traditional Chinese medicine has garnered increasing
attention from researchers due to its multi-target and multi-
channel mechanisms of action. Natural active botanical
metabolites refer to single chemical metabolites isolated, puri�ed,
and identi�ed from plants, possessing a well-de�ned chemical
structure (e.g., alkaloids, �avonoids, terpenoids) and exhibiting
speci�c biological activities. They demonstrate a range of
biological activities, such as anti-in�ammatory and antioxidative
effects (Zheng et al., 2023). As isolated bioactive metabolites, they
are pivotal in deciphering the molecular mechanisms of traditional
herbal therapies and represent a critical source for novel drug
discovery. According to a previous study, it was found that many
natural active botanical metabolites show great potential in treating

MAFLD by inhibiting lipogenesis and promoting FAO, among other
effects. Therefore, in this article, we review the research progress on
natural active botanical metabolites targeting AMPK-related
pathways for the treatment of MAFLD and summarize the
associated mechanisms. It is anticipated that effective active
metabolites can be incorporated into novel formulations in the
future, further advancing the development of clinically effective
drugs for MAFLD.

2 Mechanisms by natural active
botanical metabolites target AMPK to
ameliorate MAFLD

AMPK functions as a pivotal regulator of metabolic
homeostasis, employing a repertoire of mechanisms to suppress
lipogenesis, enhance FAO, mitigate in�ammation and oxidative
stress, induce autophagy, and alleviate ER stress and insulin
resistance. These pleiotropic effects position AMPK as a
promising therapeutic target for the management of MAFLD and
other metabolic disorders, see Figure 1.

2.1 Inhibition of de novo lipogenesis

De novo lipogenesis (DNL) is the core regulatory axis of energy
metabolism homeostasis. The metabolic reprogramming process
converts excess carbohydrate substrates (mainly glucose/fructose)
into triglycerides (TG) and cholesterol through a series of chemical

FIGURE 2
Molecular mechanism of alkaloid metabolites from botanical drugs targeting AMPK to treat MAFLD. LEO, Leonurine; LIEN, Liensinine; BBR,
Berberine; OMT, Oxymatrine; BET, Betaine; BBM, Berbamine; TA, Tomatidine; NEF, Neferine; THP, Tetrahydropalmatine.
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reactions, and then these TG and cholesterol lately provide energy
through �-oxidation. The DNL pathway is a metabolic process
primarily active in the liver (Cross et al., 2023). DNL
encompasses a series of coordinated enzymatic reactions. The
process initiates with ATP-citrate lyase (ACLY) catalyzing the
conversion of citrate into acetyl-CoA. Subsequently, acetyl-CoA
carboxylase (ACC) carboxylates the resulting acetyl-CoA to
produce malonyl-CoA. Malonyl-CoA then enters the fatty acid
synthesis pathway to synthesize fat. Notably, ACC exists in two
distinct isoforms - ACC1 and ACC2, which are encoded by separate
genes and perform divergent physiological functions (Smith et al.,
2016). In detail, ACC1 is key in the DNL process, while
ACC2 primarily oversees FAO (Wang et al., 2022b).

Studies have found that AMPK inhibits DNL through multiple
pathways. Firstly, AMPK activation phosphorylates ACC, leading to
a decrease or inactivation of ACC activity, thereby blocking the �rst
step in fatty acid synthesis. Concurrently, activated AMPK also
inhibits the nuclear translocation of SREBP-1c, phosphorylates the
precursor of SREBP-1c, and prevents SREBP-1c from converting
into its mature form, thus reducing abnormal lipogenesis. In
addition, activated AMPK can also inhibit lipogenesis by
enhancing the expression of SIRT1. SIRT1, a member of the
Sirtuins family, is an NAD+-dependent class III histone
deacetylase. AMPK enhances SIRT1 activity by increasing
intracellular NAD+ levels (Cantó et al., 2009). Activated
SIRT1 inhibits SREBP-1c activity in the liver, thereby reducing
fat synthesis. For instance, treatment with resveratrol, a potent
SIRT1 activator, has been demonstrated to signi�cantly reduce
acetylated SREBP-1c levels in obese mouse models (Ponugoti
et al., 2010). Interestingly, SIRT1 also promotes the deacetylation
of liver kinase B1 (LKB1), an upstream kinase of AMPK, to increase
AMPK phosphorylation and activity, and ultimately, through the
LKB1-AMPK-SIRT1 signaling axis can attenuate MAFLD through
the modulation of DNL process (Lan et al., 2008).

2.2 Increase of fatty acid oxidation

Fatty acid oxidation (FAO) refers to the process by which fatty
acids are broken down into CO2 and H2O in the presence of oxygen,
releasing a signi�cant amount of energy, primarily occurring in
mitochondria (Lu and George, 2024). Dysregulation of FAO creates
an imbalance between lipid acquisition and processing, resulting in
abnormal deposition of lipid droplets in hepatocytes, a pathologic
process that is a central driving mechanism of MAFLD (Ipsen et al.,
2018). Carnitine palmitoyltransferase 1 (CPT1) is a crucial rate-
limiting enzyme in FAO (Schlaepfer and Joshi, 2020), catalyzing the
complete oxidation of fatty acids through a series of biochemical
reactions. Malonyl-CoA functions as an allosteric inhibitor of CPT1.
When AMPK is activated, it phosphorylates and inactivates ACC,
which in turn decreases the synthesis of malonyl-CoA. Thereby
increasing CPT1 expression and promoting FAO (Tian et al., 2019).
Activation of AMPK signi�cantly increases the activity of lipolytic
enzymes such as adipose triglyceride lipase (ATGL) and hormone-
sensitive lipase (HSL), thus promoting lipolysis, increasing the
concentration of fatty acids in the cell, and providing substrates
for the subsequent oxidation process. The main site of FAO is in the
mitochondria, and the activation of AMPK can also regulate the

function of mitochondria, which is also conducive to the promotion
of FAO. Therefore, multiple regulatory mechanisms interact to form
positive feedback, driving the metabolic process of FAO while
ensuring precise maintenance of energy homeostasis at the
cellular and body levels.

2.3 Inhibition of in�ammation

The in�ammatory reaction is closely associated with the body’s
metabolism and often in�uences each other. For example, obesity
and type 2 diabetes, among others, trigger an increase in
in�ammatory markers in the liver, adipose tissue, and skeletal
muscle, while immune dysfunction exacerbates various metabolic
disorders (Saltiel and Olefsky, 2017; Fan et al., 2022). In�ammation
also plays an important role in MAFLD, and the immune system
plays an integral role in the gradual evolution of MAFLD from
simple steatosis to NASH and then to the more advanced NASH-
associated �brosis (Friedman et al., 2018; Peiseler et al., 2022).
Activated AMPK achieves negative regulation of in�ammatory
response by inhibiting the expression of pro-in�ammatory
cytokines (TNF - �, IL-6) and NF - � B signaling transduction,
accompanied by compensatory upregulation of anti-in�ammatory
proteins. For instance, the activation of AMPK can enhance the
activity of SIRT1, which modi�es histones and other proteins
through deacetylation to suppress the expression of in�ammatory
genes (Xu C. et al., 2021). AMPK also interacts with other signaling
pathways to jointly regulate in�ammatory responses. For example,
there is an intimate contact between AMPK and the PI3K/Akt/
mTOR signaling pathway.

2.4 Induction of autophagy

Autophagy is a lysosome-mediated self-degradative process that
eliminates misfolded proteins, aggregated macromolecules, and
damaged organelles (e.g., mitochondria and endoplasmic
reticulum). By clearing these metabolites, autophagy mitigates
oxidative stress and in�ammation, thereby maintaining cellular
homeostasis. Autophagy is generally regarded as a survival
mechanism that breaks down cellular debris to supply recycled
metabolites and energy, thereby supporting cellular renewal and
homeostasis (Hotamisligil, 2006; Liang L. et al., 2022). The
regulatory function of autophagy cannot be overlooked in the
pathophysiological progression of multiple disorders, including
but not limited to neoplastic transformations, metabolic
dysregulations, immune-mediated pathologies, and pathogen-
associated conditions. Lipophagy, a subtype of autophagy, can
target intracellular lipid droplets and degrade them to regulate fat
storage in the liver, and impaired autophagic �ux is closely
associated with the development of MAFLD (Czaja, 2016; Niture
et al., 2021). As an evolutionarily conserved serine/threonine kinase,
the mammalian target of rapamycin (mTOR) serves as a central
regulatory hub by integrating nutrient signals to coordinate
metabolic reprogramming, translational regulation, and
programmed cell death, while also dynamically regulating cellular
growth and proliferation. Functioning as a critical modulator of
cellular energetics, mTOR enhances metabolism and inhibits
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autophagy (Xie et al., 2023; Liu X. et al., 2024). mTOR is a key
effector in AMPK signaling cascades, and it oppositely regulates
autophagy induction with crosstalk in modulating energy balance
(Xu et al., 2012). Speci�cally, mTORC complex 1 (mTORC1)
downregulates the autophagy process, whereas AMPK has a
direct or indirect positive impact on autophagy induction (Alers
et al., 2012). Therefore, the AMPK-mTOR axis plays a crucial role in
regulating lipid metabolism. To date, numerous scienti�c studies
have con�rmed this notion. Silibinin promotes autophagy in high
fructose-exposed HepG2 cells through AMPK activation, mTOR
inhibition, and downregulation of autophagy suppressors LC3/
beclin-1 (Li et al., 2019). AMPK also alleviates hepatic steatosis
by activating autophagy through AMPK-mediated PGC-1�/PPAR�
pathways (Yang et al., 2024).

2.5 Mitigation of oxidative stress

The fundamental biological nature of oxidative stress (OS) lies in
the dynamic imbalance between the intracellular production rate of
reactive oxygen species (ROS) and the antioxidant defense capacity,
resulting in the accumulation of oxidative damage (Hajam et al.,
2022; Sadasivam et al., 2022). Excessive ROS generation depletes
endogenous antioxidants, rendering the body unable to neutralize
the surplus ROS, thereby leading to cellular damage. OS serves as a
pivotal pathogenic driver in MAFLD progression, inducing hepatic

in�ammatory cascades, compromising mitochondrial bioenergetics,
and triggering extracellular matrix deposition within hepatocytes.
More severely, excessive OS leading to progressive hepatocyte death
can facilitate the development of liver cirrhosis or hepatocellular
carcinoma (HCC) (Takaki et al., 2013; Spahis et al., 2017; Clare et al.,
2022). Studies have con�rmed that berbamine enhances the
antioxidant defense system by activating the antioxidant
transcription factor nucleus factor erythroid 2-related factor 2
(Nrf2), upregulating the expression of HO-1, Nqo-1, SOD2, and
catalase. This effect is primarily achieved through the activation of
AMPK, which stimulates the Nrf2/ARE signaling pathway (Sharma
et al., 2020). AMPK also inhibits oxidative stress in liver tissue by
stimulating SIRT1 expression, which increases GSH-Px, GSH, SOD,
and CAT content and signi�cantly decreases MDA levels (Chen
et al., 2024).

2.6 Other mechanisms of action

In addition to the major mechanisms mentioned above,
endoplasmic reticulum stress (ER stress) is also one of the key
pathological mechanisms. As a cellular protective stress response,
ER stress functions to alleviate the disruption of cellular homeostasis
caused by protein misfolding, thereby triggering the unfolded
protein response (UPR) (Lebeaupin et al., 2018). ER stress can
initiate and accelerate the progression of diverse liver ailments,

FIGURE 3
Molecular mechanism of �avonoid metabolites from botanical drugs targeting AMPK to treat MAFLD. LA, Licochalcone A; FMN, Formononetin; MO,
Morin; DHM, Dihydromyricetin; BAL, Baicalein; NHP, Neohesperidin; UJ, Ugonin J; NRG, Naringenin; XH, Xanthohumol; QCT, Quercetin; CN, Chrysin;
BA, Baicalin; KAP, Kaempferol; 6-G, 6-Gingerol; GTIN, Gossypetin; OA, Oroxin A; RU, Rutin; AGL, Apigenin; HES, Hesperitin; SC, Scopoletin; RK, Raspberry
ketone; PHL, Phloretin.
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including metabolic-associated fatty liver disease (MAFLD), viral
hepatitis, liver injury caused by medications, as well as
hepatocellular carcinoma. It has been found that AMPK
activation reduces ER stress markers Bip, ATF, and CHOP as
well as phosphorylated ERK/JNK, thereby alleviating ER stress.
While AMPK-stimulated autophagy is also directly related to the
reduction of ER stress (Seo et al., 2024). In addition, insulin
resistance is a central driver of MAFLD, promoting disease
progression through systemic metabolic disturbances (adipose
tissue, skeletal muscle, intestinal tract) and local intrahepatic
signaling dysregulation (selective resistance, ER stress) (Sakurai
et al., 2021). Activated AMPK improves metabolic status by
regulating signaling pathways and metabolic pathways associated
with insulin resistance to enhance insulin sensitivity to treat MAFLD
(Fouqueray et al., 2021).

To determine the mechanisms by which natural active botanical
metabolites ameliorate MAFLD through targeting the AMPK
signaling pathway, Non-alcoholic Fatty Liver Disease, Metabolic
dysfunction-associated fatty liver disease, NAFLD, MAFLD, AMP-
Activated Protein Kinases, AMPK, Chinese herbs, Chinese
medicine, Herbal medicine, Plant medicine, Natural medicine,
Botanical drug, Phytomedicine were used as keywords or subject
headings to search for relevant articles in the Web of Science and
PubMed databases from 2019 to 2024. After identifying
1,111 potentially relevant articles, the screening protocol
sequentially discarded 342 duplicate records and disquali�ed
85 review papers, ultimately retaining 684 articles for in-depth
analysis. Following initial screening, publications were
systematically �ltered to eliminate entries conforming to pre-
de�ned exclusion criteria: (1) non-medical articles; (2) articles
that study combinations composed of various botanical drugs
(e.g., decoctions); (3) articles where the study target was not
natural active botanical metabolites; (4) articles classi�ed as
commentaries; (5) articles on natural active botanical metabolites
unrelated to the AMPK pathway; (6) articles with severely missing
experimental data; (7) articles lacking animal experiments; and (8)
articles with unavailable full texts. Finally, 120 articles were included,
involving 101 natural active botanical metabolites, and summarized
information on plant sources, classi�cations, and other details were
summarized (Supplementary Table 1).

3 Natural active botanical metabolites
improving MAFLD by targeting AMPK

3.1 Alkaloids

Plant alkaloids are metabolites with complex structures found in
natural plants. Due to the different arrangements and combinations
of functional groups, various alkaloids can be formed, possessing
multifaceted pharmacological pro�les, such as anticancer,
in�ammatory cascade attenuation, pathogen eradication,
oxidative damage mitigation, hypertensive state amelioration, and
immune homeostasis maintenance (Bhambhani et al., 2021).
Therefore, they are regarded as a potentially important source of
drugs for the treatment of related diseases in the future. Many
alkaloid metabolites have demonstrated positive protective effects
against MAFLD. The speci�c molecular pathways by which nine

alkaloid plant metabolites target the AMPK pathway to effectively
suppress the onset and advancement of MAFLD are illustrated
in Figure 2.

Leonurine (LEO) is a natural alkaloid extract derived from
Herba leonuri. Studies have shown that LEO exhibits anti-
MAFLD effects both in vivo and in vitro experiments. It regulates
lipid homeostasis through modulation of the AMPK/
SREBP1 signaling axis, suppressing hepatic fat accumulation
while concurrently attenuating oxidative damage and
in�ammatory responses in liver parenchyma (Zhang et al.,
2019a). LEO exerts its regulatory function by upregulating
ADRA1a expression—a G protein-coupled receptor—which
sequentially induces phosphorylation and activates the
downstream AMPK signaling cascade. This regulates the
expression of its downstream protein stearoyl-CoA desaturase 1
(SCD1), reducing fatty acid levels (Fan et al., 2024). Liensinine
(LIEN) is also a plant-derived isoquinoline alkaloid with various
pharmacological effects, including anti-in�ammatory, antioxidant,
anti-apoptotic, and autophagy-modulating properties (Zhang W.
et al., 2023). In vitro analyses reveal that LIEN can stimulate the
AMPK/ACC signaling axis, which in turn rescues the expression of
key FAO-regulatory factors including PPAR�, CPT-1�, and
uncoupling protein 2 (UCP2). This hierarchical modulation
ultimately enhances FAO capacity. Furthermore, it suppresses
oxidative stress and in�ammation via activation of the
transforming growth factor-�-activated kinase 1 (TAK1)-
dependent AMPK pathway, culminating in MAFLD
improvement (Liang L. et al., 2022). Berberine (BBR) is the main
active component in Coptis chinensis Franch. In traditional medicine
and is regarded as one of the most promising natural product-
derived drugs for the treatment of cardiovascular and metabolic
diseases (Feng et al., 2019). In vivo studies have shown that BBR can
inhibit lipogenesis and promote FAO by activating the SIRT3/
AMPK/ACC pathway in the liver, thereby improving hepatic
steatosis (Zhang et al., 2019a). Further studies have also
demonstrated that BBR inhibits the transcriptional activity of the
SRE motif (a potential SREBP-1c binding site) within the
SCD1 promoter through the AMPK-SREBP-1c pathway, thereby
reducing hepatic lipogenesis (Zhu et al., 2019). BBR can also
stimulate AMPK/SIRT1 signaling to regulate downstream effector
molecules controlling lipid synthesis, transport, and
catabolism—speci�cally SREBP-1c and PPAR�. Additionally, it
modulates FOXO transcription factors, NF-�B, Bcl-2/Bax, and
cleaved caspase 3, thereby controlling oxidative stress,
in�ammation, and apoptosis, ultimately achieving the goal of
treating MAFLD (Chen et al., 2024). Oxymatrine (OMT) belongs
to the class of matrine-type alkaloids, which are primarily isolated
from Sophora �avescens Aiton. Studies have shown that OMT,
similar to BBR, primarily regulates hepatic lipid metabolism by
activating the SIRT1/AMPK pathway and modulating downstream
relevant molecules (Xu et al., 2020). Betaine (BET), a compound also
termed trimethylglycine, occurs naturally in various life forms such
as animals, plants, and microorganisms. It is a non-essential amino
acid that plays a crucial role in metabolic diseases through various
effects such as exhibiting anti-in�ammatory properties, restoring
mitochondrial function, and improving insulin resistance (Chen
et al., 2022b). Fibroblast growth factor 10 (FGF10), a key component
of the FGF family, is indispensable for the proper development of
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multiple organs. A previous study suggested that the miR-327-
FGF10-FGFR2 signaling axis represents a therapeutic target for
the treatment of obesity and metabolic diseases (Fischer et al.,
2017). Building upon this foundation, Chen W et al. conducted
research and con�rmed that BET treatment induces
FGF10 secretion, which stimulates AMPK activation and inhibits
lipogenesis, increases FAO, and ultimately reduces hepatic lipid
accumulation, identifying a potential new therapeutic target for
MAFLD (Chen et al., 2021). Additionally, studies have found
that BET can also activate autophagy (LC3II/I and p62), thereby
reducing downstream signals such as ER stress (BiP, ATF6, and
CHOP), apoptosis (Bax, cleaved caspase 3), and steatosis (Seo et al.,
2024). Berbamine (BBM) is a dibenzylisoquinoline alkaloid
extracted from the Chinese herbal medicine genus Berberis,
which possesses anti-in�ammatory, leukocytosis-inducing, and
anti-tumor effects. For decades, it has maintained its clinical
relevance in addressing a broad spectrum of pathological
conditions. Among these studies, Sharma A et al. found that
BBM activates SIRT1-mediated LKB1 deacetylation, upregulates
AMPK signaling, and ultimately regulates the expression of
downstream lipid metabolism factors, improves mitochondrial
physiological structure and function, restores autophagy, and
alleviates oxidative stress, playing a therapeutic role in MAFLD
(Sharma et al., 2021). Tomatidine (TA) is a natural steroidal alkaloid
and is the aglycone of �-tomatine (�TM). Previous studies have
found that TA can act as a vitamin D agonist, activating AMPK
through calmodulin-dependent protein kinase � (CaMKK�) in
response to increased intracellular Ca2+ concentrations,
inhibiting lipid accumulation (Kusu et al., 2019). Neferine (NEF)
exerts its therapeutic potential in MAFLD management by

stimulating AMPK-dependent cellular energy reprogramming,
demonstrating ef�cacy in vitro and in vivo. Additionally, it
prevents MAFLD-related �brosis by inhibiting the TGF�-Smad2/
3 pathway (Wang et al., 2023). Tetrahydropalmatine (THP) is
known for its anti-in�ammatory and analgesic effects with
promising applications and potential development value (Chen X.
et al., 2023). Yin X et al. have demonstrated that the AMPK� protein
is a direct target of THP, which can promote FAO, improve lipid
metabolism, and alleviate lipotoxicity through the AMPK/SREBP-
1c/SIRT1 pathway (Yin et al., 2023).

3.2 Flavonoids

Flavonoids represent a class of bioactive phytochemicals renowned
for their pleiotropic health-promoting activities, with widespread
occurrence in edible horticultural produce and medicinal botany.
Flavonoids are characterized by a bipartite aromatic system
comprising A and B benzene rings, which are conjugated through a
central three-carbon linker, establishing the fundamental C6-C3-
C6 carbon framework. Both synthetically produced and naturally
isolated �avonoid metabolites exhibit a variety of biological
activities, such as anti-tumor, antiplatelet, antimalarial, anti-
in�ammatory, and antidepressant effects (Guan and Liu, 2016). It
exhibits therapeutic ef�cacy against cancer, in�ammatory disorders
(particularly cardiovascular and neurological diseases), and related
pathologies (Rauf et al., 2023). Notably, �avonoids also demonstrate a
potent role in the prevention of MAFLD. The speci�c molecular
mechanisms by which 26 �avonoid active metabolites target the
AMPK pathway to improve MAFLD are illustrated in Figure 3.

FIGURE 4
Molecular mechanism of lignans metabolites from botanical drugs targeting AMPK to treat MAFLD. HK, Honokiol; Sch B, Schisandrin B; SAL,
Schisanhenol.
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Vitexin is a natural �avonoid glycoside compound. Research has
found that Vitexin activates AMPK by promoting the binding of
leptin receptor (LepR) to AMPK, thereby inhibiting lipogenesis and
promoting lipolysis and FAO. Additionally, Vitexin improves
insulin signaling by activating insulin receptor substrate-1 (IRS-1)
and its downstream target protein kinase B (AKT), ultimately
leading to an improvement in MAFLD (Inamdar et al., 2019b).
Formononetin (FMN) can promote the nuclear translocation of
TFEB, a central regulator of the autophagy/lysosome-nuclear
signaling pathway, by activating AMPK, thereby activating
autophagy (upregulating LAMP1, ATP6V1A, and PGC1�, as well
as promoting hepatic nuclear translocation of LC3B-II and p62) to
improve autophagosome-lysosome fusion. Additionally, it can also
promote FAO by increasing the expression of PPAR� and
CPT1�(Wang et al., 2019). Dihydromyricetin (DHM) promotes
autophagy by activating AMPK/PGC-1� and PPAR�, which leads
to an increase in the levels of Beclin 1, ATG 5, and LC3-II (Yang
et al., 2024). Furthermore, it can also prevent MAFLD by enhancing
mitochondrial function through a SIRT3-dependent mechanism
(Zeng et al., 2019). Neohesperidin (NHP) is a �avonoid glycoside
extracted from citrus peel and utilized as a natural antioxidant.
Studies have shown that NHP activates PGC-1� to mediate
mitochondrial biogenesis and upregulates nuclear respiratory
factor-1(NRF-1) and mitochondrial transcription factor A
(TFAM) to enhance mitochondrial capacity and FAO (Wang S.
W. et al., 2020). Ugonin J (UJ) is a �avonoid derived from
Helminthostachys zeylanica, which exhibits anti-in�ammatory
and anti-osteoporotic effects (Huang et al., 2017). Chang TC
et al. showed that UJ regulates lipid metabolism through the
activation of factors related to downstream AMPK regulation,
increases insulin secretion, improves insulin resistance, and
regulates and lipid metabolism disorders by decreasing the ratio
of pIRS-1 (Ser307))/IRS-1, and upregulates Akt activity and
FoxO1 phosphorylation for the treatment of MAFLD (Chang
et al., 2021). Icariin enhances the biosynthesis and membrane
redistribution of GLUT4, the transporter protein responsible for
glucose uptake, by activating the AMPK/PGC1� pathway. This
process enhances glucose uptake and metabolism, while
decreasing insulin resistance, ultimately contributing to the
improvement of MAFLD (Lin et al., 2021). Curcumin is an active
component derived from Curcuma longa Linn. With various
biological activities including anti-in�ammatory, antioxidant, and
anticancer properties. It can be used in the treatment of cancer, and
metabolic diseases, and as a neuroprotective agent (Mhillaj et al.,
2019; Tomeh et al., 2019; Marton et al., 2021; Sadeghi et al., 2023).
SLC13A5 is a citrate-selective transmembrane protein in hepatic
citrate homeostasis and serves as an alternative energy source for
metabolism. ACLY serves as a critical metabolic checkpoint
coupling cytosolic glucose-derived carbon �ux to DNL via acetyl-
CoA availability. Sun QS et al. found that Curcumin may correct the
deregulated expression of SLC13A5/ACLY by activating the AMPK-
mTOR signaling pathway, thereby inhibiting DNL and reducing
hepatic lipid accumulation (Sun et al., 2021). Chrysin (CN)
possesses hepatoprotective potential due to its anti-in�ammatory
properties. Speci�c investigations have found that CN can activate
the LKB1/AMPK/mTOR/SREBP-1c pathway, thereby inhibiting
lipogenesis pathways. Additionally, CN also regulates the
increased expression of genes involved in mitochondrial

biogenesis, such as PGC-1�, NRF-1, and Tfam (Oriquat et al.,
2023). The protective effects of Baicalin (BA) on MAFLD rely on
AMPK-mediated downstream pathways. Speci�cally, inhibiting the
AMPK/SREBP1 pathway and the AMPK/NF-�B pathway reduces
fat synthesis and in�ammatory responses, while activating the
AMPK/Nrf2 pathway alleviates oxidative stress (Gao et al.,
2023b). Kaempferol (KAP) primarily promotes the SIRT1/AMPK
pathway, which leads to reduced hepatic lipogenesis and enhanced
FAO (Li et al., 2023). 6-Gingerol (6-G) is one of the most biologically
potent metabolites in Zingiber of�cinale, exhibiting anti-
in�ammatory, antioxidant, and anticancer pharmacological
activities. STE20-related adapter (STRAD) and MO25 can form a
complex with AMPK, promoting the cytosolic distribution and
kinase activity of LKB1. Studies have shown that 6-G can induce
the activation of the LKB1/AMPK pathway cascade by regulating the
stability of the LKB1/STRAD/MO25 complex and activating LKB1,
ultimately alleviating MAFLD (Liu Y. et al., 2023). Apigenin (AGL)
is an edible �avonoid derived from plants, possessing various
biological activities with signi�cant potential applications in
cancer and dermatological conditions (Imran et al., 2020; Yoon
et al., 2023). Current research has also highlighted its value in
treating MAFLD. Previous studies have demonstrated that
phosphorylation of perilipin 2 (PLIN2) is a prerequisite for
participating in chaperone-mediated autophagy (CMA), while
LAMP-2A serves as a rate-limiting enzyme in the degradation of
CMA-regulated substrate proteins. In a recent study by Lu J et al., it
was found that AGL enhances CMA activity by activating AMPK,
which promotes PLIN2 phosphorylation and Nrf2 nuclear
translocation, and upregulates LAMP-2A protein. These effects
ultimately facilitate lipid droplet degradation and improve
MAFLD (Lu et al., 2024). Hesperitin (HES) alleviates MAFLD by
reducing the expression of dynamin-related protein 1 (Drp1)
through an AMPK�-dependent mechanism, phosphorylating
Drp1 at serine 616 (Drp1-pS616), inducing phosphorylated
Drp1 at serine 637 (Drp1-pS637), and enhancing mitochondrial
autophagy through the induction of PTEN-induced kinase 1
(PINK1) and E3 ubiquitin protein ligase Parkin (Parkin) (Chen
et al., 2025a). Many other types of �avonoids can improve hepatic
lipid homeostasis by stimulating AMPK and regulating upstream
and downstream molecular targets.

3.3 Lignans

Lignans are secondary metabolites with phytoestrogenic
physiological activity that are widely present in plants and
human food sources, and have a variety of biological activities,
including antibacterial, antiviral, antitumor, antiplatelet,
antioxidant, and immunosuppressive activities (Fang and Hu,
2018). Lignans have also been found to have a promising role in
the prevention and treatment of MAFLD. The speci�c molecular
mechanisms by which three lignan phytomonomers target the
AMPK pathway to improve MAFLD are illustrated in Figure 4.

Honokiol (HK) is an active substance isolated from
Magnoliaceae species, existing as a �ne brown to white powder.
It demonstrates antibacterial, anti-in�ammatory, oxidative stress-
reducing, and cancer-inhibiting activities (Rauf et al., 2018).
Emerging evidence suggests that HK exerts hepatoprotective
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effects by modulating lipid metabolism and mitigating oxidative
stress associated with hepatic steatosis. Liu J et al. demonstrated that
HK confers hepatoprotection against lipotoxic injury by enhancing
SIRT3-AMPK-mediated autophagic �ux and preserving
mitochondrial ultrastructure integrity. These �ndings establish
HK as a promising pharmacological candidate for MAFLD
management (Liu et al., 2021b). Interestingly, another study has
also found that HK-mediated activation of the AMPK complex does
not depend on its classic upstream regulators, but rather directly
binds to the AMPK�1 subunit to act as an agonist of the AMPK
complex, thereby modulating downstream molecules and
ameliorating hepatic lipid accumulation (Tian et al., 2023).
Schisandrin B (Sch B) is one of the most promising bioactive
metabolites isolated from Schisandra chinensis (Turcz.). Sch B has
a wide range of promising applications in liver diseases and can
ameliorate acute liver injury and MAFLD by activating autophagy,
anti-in�ammation, and direct regulation of adipocyte metabolism
(Kwan et al., 2017; Ma et al., 2022; Li X. et al., 2023). The speci�c
molecular mechanism of Sch B treatment of MAFLD may be related
to the activation of the autophagy-lysosomal pathway by the AMPK/
mTOR signaling axis and the promotion of FAO (Yan et al., 2022).
Schisanhenol (SAL) is another lignan with antioxidant and anti-
apoptotic properties (Han et al., 2019; Zhang et al., 2025b).
MicroRNAs are short non-coding RNA molecules that regulate
various biological pathways. Abnormal expression of mRNAs is

strongly associated with disorders of glucose-lipid metabolism and
contributes to many metabolic diseases, including obesity and
MAFLD (Rottiers and Näär, 2012; Agbu and Carthew, 2021; Sun
and Kemper, 2023). Research has demonstrated that SAL may
activate the AMPK signaling pathway by inhibiting miR-802-
mediated PRKAA1 repression, showing a promising therapeutic
intervention for MAFLD (Li et al., 2024).

3.4 Phenolic acids

Phenolic acids represent a subclass of plant-derived metabolites
de�ned by their aromatic systems bearing multiple hydroxyl substituents
on a shared benzene ring, with C1-C6 and C3-C6 carbon frameworks
constituting their primary structural variants. They are abundant in the
seeds and peels of fruits as well as in the leaves of vegetables. Phenolic
acids are extensively utilized in pharmaceutical formulations,
dermatological products, and other �elds, offering bene�ts such as
oxidative stress mitigation, in�ammation modulation, and
carcinogenesis inhibition effects. Research �ndings indicate various
phenolic acids can improve MAFLD. The speci�c molecular
mechanisms by which nine phenolic acids treat MAFLD through the
AMPK pathway are illustrated in Figure 5.

Salvianolic acid A (Sal A) exhibits anticancer, anti-
in�ammatory, and cardioprotection effects and is clinically used

FIGURE 5
Molecular mechanism of phenolic acid metabolites from botanical drugs targeting AMPK to treat MAFLD. Sal A, Salvianolic acid A; HT,
Hydroxytyrosol; EA, Ellagic acid; ZIN, Zingerone; GA, Gallic acid; p-CA, p-Coumaric Acid; RA, Rosmarinic Acid; CA, Chicoric Acid.

Frontiers in Pharmacology frontiersin.org10

Wang et al. 10.3389/fphar.2025.1611400

https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1611400


to treat cancer and various metabolic diseases such as atherosclerosis
and diabetes (Qin et al., 2019; Zhu et al., 2022). Notably, research
suggested that Sal A exerts hepatoprotective effects through
modulation of the AMPK-SIRT1 signaling axis, thereby
counteracting hepatic lipid toxicity (Li et al., 2020). Insulin-like
growth factors 1(IGF1) and 2 (IGF2) and IGF-binding proteins
(IGFBPs) are produced by the liver to regulate metabolism through
insulin. This carrier protein IGFBP-1 plays a pivotal role in
governing the metabolic fate of IGF1, with its regulatory action
directly impacting glycemic control mechanisms and the
development of insulin resistance. Studies have shown that Sal A
can improve hepatic fatty acid metabolism by activating the AMPK
and IGFBP1 pathways. Additionally, activated AMPK can
ameliorate in�ammation, �brosis, and mitochondrial dysfunction
(Zhu et al., 2024). Hydroxytyrosol (HT) is the primary polyphenol
contained in olive oil and leaves and can produce advantageous
effects on MAFLD by regulating mitochondrial function. PINK1, as
a protein kinase anchored to the mitochondrial membrane, plays a
critical role in autophagy and activates parkin ubiquitin ligase
activity to facilitate mitophagy. Studies have shown that HT can
activate the AMPK/PINK1 pathway to promote mitophagy, thereby
enhancing lipid metabolism, reducing oxidative stress, and
mitigating mitochondrial dysfunction (Dong et al., 2022). Ellagic

acid (EA) is a polyphenolic compound naturally abundant in
dicotyledonous plant species, known for its potent anti-
in�ammatory and antioxidant capacities. C1q/tumor necrosis
factor-related protein-3 (CTRP3) is a widely distributed and
functionally diverse adipokine that plays a crucial role in
endocrine and metabolic diseases such as in�ammatory
responses, obesity, and type 2 diabetes. Research has found that
EA has the potential to treat MAFLD by improving insulin
resistance and reducing liver damage through the activation of
the AMPK/CTRP3 pathway (Elseweidy et al., 2022). Zingerone
(ZIN), isolated from ginger, is a highly effective compound.
Studies have found that it can prevent liver deposition and
steatosis induced by high-fat feeding in rats by activating the
AMPK/Nrf2 axis to counteract oxidative stress and increasing
cleaved caspase-3 and Bax/Bcl2 ratios to promote autophagy
(Mohammed, 2022). p-Coumaric Acid (p -CA) is a phenolic acid
abundantly present in various edible plants including vegetables,
fruits, and fungi, where it exhibits signi�cant antineoplastic activity
and oxidative stress-modulating capabilities. Research has found
that p-CA reduces serum and liver lipids by activating PPAR�/� and
upregulating HSL, HTGL, MGL, CPT1A, and ACSL1 through
AMPK activation. Additionally, it inhibits lipid droplet fusion
and growth by increasing MSS4 expression levels, thereby

FIGURE 6
Molecular mechanism of quinone metabolites from botanical drugs targeting AMPK to treat MAFLD. HP, Hypericin; EMO, Emodin; DAN, Danthron;
AO, Aurantio-Obtusin; RC, Rhinacanthin C; TQ, Thymoquinone; SHK, Shikonin.
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treating MAFLD (Yuan et al., 2023a). Studies have found that
Androsin alleviates metabolic-associated fatty liver disease
(MAFLD) by stimulating AMPK�, which in turn activates the
SREBP-1c/FASN pathway to inhibit DNL and the AMPK�/PI3K/
Beclin1/LC3 pathway to activate autophagy (Singh et al., 2024).
Rosmarinic Acid (RA) and Chicoric Acid (CA) primarily treat
metabolic-associated fatty liver disease (MAFLD) by activating
AMPK, which inhibits lipogenesis, promotes fatty acid �-
oxidation, and improves oxidative stress and in�ammation (Ding
et al., 2020a; Kim M. et al., 2020).

3.5 Quinones

Quinones are natural products widely distributed in nature,
collectively referring to a class of organic metabolites containing
cyclohexadienedione or cyclohexadienedimethylene structures.
Quinones can trigger cytoprotective effects through multiple
mechanisms: activation of detoxi�cation enzyme systems,
modulation of anti-in�ammatory signaling pathways, and
remodeling of intracellular redox homeostasis. Studies have
found that quinones also have some therapeutic potential for

MAFLD (Bolton and Dunlap, 2017). The speci�c molecular
mechanisms by which seven quinone substances treat MAFLD
through the AMPK pathway are illustrated in Figure 6.

Emodin (EMO) is an anthraquinone derivative derived from
various herbal medicines. EMO possesses a wide range of
pharmacological properties, including anticancer,
hepatoprotective, anti-in�ammatory, and antioxidant activities
(Dong et al., 2016). Research by Yu LY et al. has found that
EMO is the principal bioactive component in Radix Polygoni
Multi�ori Preparata (RPMP) for the therapy of MAFLD. EMO
can reduce hepatic lipogenesis and increase insulin sensitivity to
combat insulin resistance (IR) by upregulating phosphatidylinositol
3-kinase (PI3K), AKT2, and AMPK�. Additionally, EMO can
promote the binding of adiponectin to AdipoR2, thereby
activating AMPK-mediated FAO, ultimately improving hepatic
lipid accumulation (Yu et al., 2020). Danthron (DAN) is one of
the active metabolites found in the Chinese herbal medicine Rheum
rhaponticum L. Previous studies have shown that DAN can activate
AMPK and regulate lipid and glucose metabolism in vitro, making it
a potentially effective compound for the treatment of obesity and
MAFLD (Zhou et al., 2013). PPAR�, as a nuclear receptor,
coordinates FAO and maintains mitochondrial homeostasis,

FIGURE 7
Molecular mechanism of terpenoid metabolites from botanical drugs targeting AMPK to treat MAFLD. BA, Betulinic acid; BCX, �-Cryptoxanthin; MA,
Maslinic acid; UA, Ursolic acid; GA, Ganoderic acid A; LYC, Lycopene; TP, Triptolide; CA, Corosolic acid; PA, Patchouli alcohol; �-PAE, �-patchoulene; AA,
Arjunolic acid; CEL, Celastrol; ATL III, Atractylenolide III; AT, Astaxanthin; LM, Limonin; NOK, Nootkatone; GCK, Ginsenoside CK; AKBA, Acetyl-11-Keto-
Beta-Boswellic Acid; PPD, Protopanaxadiol; ASP, Asperuloside; GPS XIII, Gypenoside XIII; ALB, Alisol B; BCP, �-Caryophyllene; Rg5, Ginsenoside Rg5;
PD, Platycodon D; MOR, Morroniside; GC, Ginkgolide C.
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while the retinoid X receptor (RXR) functions as the indispensable
heterodimeric partner for PPAR� activity. Recent research by Ma C
et al. has found that DAN can enhance nuclear receptor crosstalk
between PPAR� and RXR�. Additionally, RXR� promotes the
upregulation of AdipoR2 by DAN. The ultimately activated
AdipoR2 then promotes the expression of AMPK� and PPAR�,
ultimately restoring mitochondrial biogenesis to enhance FAO (Ma
et al., 2021). Aurantio-Obtusin (AO), primarily derived from cassia
seed extract, is a major active ingredient within the anthraquinone
class. Studies have con�rmed that AO activates autophagy and
improves lipid accumulation in the liver by upregulating the
expression of a series of autophagy-related proteins, including
AMPK, mTORC1, ULK, and TFEB (Zhou et al., 2022).
Thymoquinone (TQ) is the primary active ingredient isolated
from Nigella sativa, and numerous previous in vivo and in vitro
studies have demonstrated its diverse pharmacological activities,
including anti-in�ammatory, anti-cancer, antioxidant, and
neuroprotective effects (Woo et al., 2012; Mahmoud and
Abdelrazek, 2019; Isaev et al., 2020). Recent research has found
that TQ also holds great potential in the treatment of MAFLD.
ULK1 is an autophagy-initiating kinase that can be oppositely
regulated by mTOR and AMPK to initiate autophagy (Alers
et al., 2012). Studies by Zhang D et al. have shown that TQ
triggers autophagy through the activation of the AMPK/
ULK1(Ser555) and AMPK/mTOR/ULK1(Ser757) pathway-
dependent mechanisms, thereby reducing body weight, alleviating
hepatic steatosis, and improving glucose homeostasis (Zhang D.
et al., 2023). Shikonin (SHK) is a natural active ingredient with anti-
in�ammatory and antioxidant properties. Research has found that

SHK can act as an AMPK agonist, activating AMPK to inhibit fat
synthesis while also promoting the cooperation between PGC-1�
and PPAR�, inducing mitochondrial FAO. It has certain preventive
and therapeutic effects on liver lipid metabolism and MAFLD
(Gwon et al., 2020).

3.6 Terpenoids

Terpenoids are one of the most extensive and structural
variability classes of both essential and specialized metabolites in
nature. All terpenoids are formed by linking multiple isoprene units
in a head-to-tail manner and exhibit a range of effects, including
anti-in�ammatory, antioxidant, antitumor, and
immunomodulatory properties (Bergman et al., 2024; Khan et al.,
2024). The speci�c molecular mechanisms by which 28 terpenoids
treat MAFLD through the AMPK pathway are illustrated
in Figure 7.

�-Cryptoxanthin (BCX) is a provitamin A carotenoid with
diverse biological activities, capable of treating numerous
diseases, including neoplasm and osteoporosis. Latest research
has found its signi�cant potential in treating fatty liver disease
(Yamaguchi, 2012; Burri et al., 2016; Clugston, 2023). �-
Carotene-15,15�-oxygenase (BCO1) and �-carotene-9�,10�-
oxygenase (BCO2) can cleave BCX to generate therapeutic
metabolic derivatives, including vitamin A. Experimental
evidence elucidates BCX’s capacity to enhance hepatic lipid
homeostasis via multi-target regulatory effects on the FXR-
SIRT1-AMPK signaling axis, demonstrating signi�cant

FIGURE 8
Molecular mechanism of glycoside metabolites from botanical drugs targeting AMPK to treat MAFLD. GR, Glucoraphanin; CAT, Catalpol; AU,
Aucubin; CRD, Cordycepin; SAL, Salidroside; MAN, Mangiferin; HDN, Hesperidin; GEN, Geniposide.
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cholesterol metabolic modulation. Speci�cally, it depends on the
presence or absence of BCO1/BCO2 (Lim et al., 2019). Maslinic acid
(MA) (Liou et al., 2019a), Crocin (Luo et al., 2019), and Ursolic acid
(UA) (Cheng et al., 2020) all improve hepatic steatosis and treat
MAFLD by activating the AMPK pathway, promoting fatty acid
oxidation, lipolysis, and inhibiting fat synthesis. Lycopene (LYC) is a
lipophilic antioxidant carotenoid derived from tomatoes. Research
by Wang J et al. has demonstrated that LYC can reduce lipid
synthesis, restore mitochondrial function, and ultimately decrease
hepatic lipid accumulation to treat MAFLD by increasing PPAR�
expression and promoting the activation of the AMPK/SIRT1/
PGC1� pathway (Wang J. et al., 2020). Patchouli alcohol (PA) is
a characteristic tricyclic terpenoid compound naturally occurring in
the Pogostemon cablin. Previous studies have shown that it has
numerous effects, including anti-in�ammatory, anti-cancer, anti-
depressant, and anti-viral properties (Lee et al., 2020). Research by
Pyun D et al. has found that PA also has potential in hepatic lipid
metabolism: it activates the AMPK/SIRT1 pathway to inhibit
cellular in�ammation (such as TNF-�, MCP-1), improve insulin
resistance (IRS-1, HOMA-IR index, IPGTT, and ITT), and
positively regulate FAO (Pyun et al., 2021). Arjunolic acid (AA)
exhibits antioxidant, anti-in�ammatory, and free radical scavenging
activities (Hemalatha et al., 2010). Recently, Zheng X et al.
discovered that AA indirectly activates SIRT1/AMPK-regulated
lipid metabolism by increasing NAMPT-mediated NAD + levels
and triggering autophagy, collectively mediating lipid-lowering
effects (Zheng et al., 2021). Celastrol (CEL) is a pentacyclic
triterpenoid compound separated from the Chinese medicinal
plant Celastrus orbiculatus Thunb., possesses various

pharmacological activities, including anti-tumor and anti-
in�ammatory effects. Currently, it is considered to have broad
application prospects in metabolic diseases, such as in the
treatment of type 2 diabetes, atherosclerosis, cholestasis, and
osteoporosis (Xu S. et al., 2021). FGF21 is predominantly
secreted by hepatic tissues to coordinate glycemic regulation
across both hepatic and adipose metabolic networks, providing
protective bene�ts. Recently, Xue JL et al. explored that CEL
treatment can lead to improved mitochondrial morphology, liver
lipid accumulation, oxidative stress, and in�ammation by activating
the FGF21/AMPK/PGC-1� signaling pathway, thereby protecting
against MAFLD (Xue et al., 2024a). Atractylenolide III(ATL III) is a
natural monomeric herbal bioactive compound with extensive
effects in antioxidation and anti-in�ammation (Xu et al., 2023).
Li Q et al. discovered that ATL III treatment in vitro activates the
AMPK/SIRT1 signaling pathway downstream of AdipoR1, thereby
enhancing oxidative stress resistance (SIRT3, NRF2) and
FAO(CPT1A, PGC-1�), ultimately protecting the liver (Li et al.,
2022c). Ginsenoside CK(GCK) is the primary intestinal metabolite
of protopanaxadiol saponins and exhibits multiple therapeutic
effects. Zhang JJ et al. found that GCK can activate LKB1 and
AMPK phosphorylation, increase ATGL and SIRT1 expression, and
inhibit SREBP-1c activity, thereby promoting lipolysis and FAO
while suppressing fat synthesis (Zhang J. J. et al., 2022). Both
Protopanaxadiol (PPD) (Li Y. et al., 2023) and Gypenoside
XIII(GPS XIII) (Cheng et al., 2024) can reduce lipogenesis,
increase lipolysis, and enhance fatty acid �-oxidation by
increasing SIRT1 and AMPK phosphorylation, thereby regulating
downstream molecules. Alisol B (ALB) is a triterpenoid monomer

FIGURE 9
Molecular mechanism of stilbenes metabolites from botanical drugs targeting AMPK to treat MAFLD. RSV, Resveratrol; POD, Polydatin; PTE,
Pterostilbene.
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isolated from classic Chinese medicinal herbs, which plays a role in
inhibiting lipogenesis and reducing subcutaneous adipose tissue
mass. VDAC1, a voltage-dependent anion channel protein,
maintains the balance of the intracellular and extracellular
environment by regulating mitochondrial permeability. Gao G
et al. found that ALB directly targets VDAC1 to increase the
ADP/ATP and AMP/ATP ratios, thereby modulating the AMPK/
mTOR/SREBPs pathway to inhibit lipid synthesis (Gao et al., 2024).
Ginsenoside Rg5 (Rg5) activates the LKB1/AMPK/mTOR signaling
pathway, stimulating energy metabolism and thereby impeding the
progression of MAFLD (Shi et al., 2024). Morroniside (MOR)
inhibits the progression of NASH by promoting AMPK-
dependent lipophagy and inhibiting NLRP3 in�ammasome
activation (Zhang et al., 2024). �-Caryophyllene (BCP)
(Kamikubo et al., 2024) and Ginkgolide C (GC) (Xie et al., 2024)
can act as AMPK agonists, regulating downstream molecules
involved in lipid synthesis and FAO by activating the AMPK
signaling pathway, ultimately improving MAFLD.

3.7 Glycosides

Glycosides, also known as “saponins” or “glycosides,” are
molecules in which one part is linked to a sugar moiety, while
the other part, which is non-sugar, is called the aglycone. Glycosides

exhibit extensive application prospects in the medical �eld,
demonstrating favorable pharmacological effects in regulating
blood glucose and lipids, as well as possessing antitumor activity,
which can be used as adjuvant therapy for cancer. The speci�c
molecular mechanisms by which eight glycosides treat MAFLD
through the AMPK pathway are illustrated in Figure 8.

Catalpol (CAT), is a functional substance derived from
Rehmannia glutinosa. It is commonly used in the treatment of
various in�ammatory diseases, diabetes, cardiovascular and
cerebrovascular diseases, among others (Yan et al., 2018;
Bhattamisra et al., 2021; Liu J. et al., 2023; Zhang Z. et al., 2023).
Transcription Factor EB (TFEB) is a master regulator whose
activation promotes the transcription of genes involved in
lysosomal network expansion and regulates autophagy when
translocated to the nucleus. CAT can signi�cantly upregulate
autophagy-related genes (including Atg7, Atg5, Becn1, Ulk1, and
Lamp1) to induce autophagy and regulate hepatic lipid metabolism
genes (ACC1�, FAS, PPAR�, ACOX1, and CPT1) to improve
hepatic lipid accumulation by activating the AMPK/TFEB
pathway, and it is a novel therapeutic candidate for MAFLD
(Ren et al., 2019; Tian et al., 2020). Aucubin (AU) is an iridoid
glycoside derived from natural plants, possessing anti-
in�ammatory, antioxidant, and anti-�brotic properties. It has
broad application potential in the treatment of atherosclerosis,
fatty liver disease, acute hepatitis, diabetes, and other conditions

FIGURE 10
Molecular mechanism of other metabolites from botanical drugs targeting AMPK to treat MAFLD. L-THE, L-theanine; PMS, Plantamajoside; TA,
Tartaric acid; SFA, Sulforaphane; ART, Atractylodin; ANT, Antrodan; SSA, Salsalate; DIO, Diosgenin; FA, Folic acid.
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(Wang H. et al., 2020; Bao et al., 2022; Huang et al., 2022; Liu et al.,
2022). Shen B et al. found that the protective effect of AU on
MAFLD may be exerted by promoting the escape of Nrf2 from the
control of Keap1 and its translocation to the nucleus, which in turn
inhibits oxidative stress (reduction of ROS, increase in SOD levels,
and decrease in MPO levels) (Shen et al., 2019b). Cordycepin (CRD)
is a bioactive compound extracted from Cordyceps sinensis,
possessing multiple pharmacological effects. Recent in vivo
studies have also shown that CRD primarily treats MAFLD by
activating AMPK, regulating the expression of key genes related to
lipid metabolism (such as SREBP1-c, ACC, SCD-1, LXR�, and
CD36), as well as �-oxidation genes (CPT-1 and PPAR�), and
improving the in�ammatory state (Gong et al., 2021). Salidroside
(SAL) is also an AMPK agonist that prevents the progression of
NASH induced by metabolic stress, in�ammation, and other factors
by activating AMPK signaling (Hu et al., 2021). Geniposide, an
iridoid glycoside extracted from the fruit of Gardenia jasminoides,
holds great potential in improving glucose and lipid metabolism
(Gao and Feng, 2022). Research by Yi M et al. has demonstrated that
GEN can inhibit the in�ammatory response induced by LPS directly
binding to TLR4 protein and activating NF-�B. Additionally, it
regulates lipid metabolism through the AMPK/ACC/CPT1A and
AMPK/ULK1/LC3B signaling pathways, thereby preventing and
treating MAFLD (Yi et al., 2023).

3.8 Stilbenes

Stilbenoids constitute a group of metabolites de�ned by their
stilbene core structure or polymeric derivatives, functioning as
phenolic secondary metabolites in plants. Among these, the most
widely recognized is resveratrol, known for its roles as a
cardioprotective agent, potent antioxidant, anti-in�ammatory agent,
and anticancer agent, among others. Current research on the stilbene
scaffold continues with the aim of discovering new analogs with higher
bioavailability. The speci�c molecular mechanisms by which three
stilbenoid metabolites defend against MAFLD through the AMPK
pathway are illustrated in the accompanying Figure 9.

Resveratrol (RSV), a polyphenolic compound of signi�cant
research interest, exhibits pleiotropic effects such as quenching
oxidative stress, resolving in�ammatory cascades, reducing blood
pressure and blood sugar levels, combating aging, and exerting
anticancer effects. Clinically, it can be utilized in the treatment of
metabolic diseases, cardiovascular diseases, and various types of
tumors (Ren et al., 2021; Zhang et al., 2021a; Zhou et al., 2021).
Research by Huang YJ et al. has shown that RSV modulates lipid
metabolism and redox homeostasis by regulating CPT-1, SREBP-1c,
and FAS through the PKA/AMPK/PPAR� pathway, indicating
signi�cant potential for the prevention and treatment of MAFLD
(Huang et al., 2020). Polydatin (POD), a glucoside derivative of RSV,
boasts higher bioavailability and is primarily involved in modulating
homeostatic regulation such as in�ammation, oxidative stress, and
apoptosis. It plays a signi�cant role in the prevention and treatment
of tumors, cardiovascular diseases, and metabolic disorders
including diabetes, NASH, and �brosis (Li et al., 2018; Karami
et al., 2022). Research by Zhao G et al. has discovered that POD can
signi�cantly elevate the levels of valeric acid and caproic acid in feces
by modulating the gut microbiota, thereby activating the AMPK.

This activation leads to a reduction in lipid accumulation in the liver
and serum, thereby ameliorating MAFLD (Li et al., 2018).
Pterostilbene (PTE) is a dimethylated analog of RSV, endowed
with physiological activities such as anti-in�ammatory,
antioxidative stress, and anticancer properties (Estrela et al.,
2013; Kim H. et al., 2020; Lin et al., 2020; Gómez-Zorita et al.,
2021). Recent research by Shen B et al. has revealed that PTE
promotes the nuclear translocation of Nrf2, induces AMPK
phosphorylation through Nrf2, and subsequently promotes ACC
phosphorylation while inhibiting mTORC, among others.
Ultimately, it enhances autophagy, suppresses oxidative stress,
and promotes the metabolism and breakdown of fatty acids,
thereby ameliorating MAFLD (Shen et al., 2023a).

3.9 Others

In addition to the eight bioactive metabolites extracted from
phytomedicines mentioned above, other types of natural active
monomers have also been found to improve MAFLD. The
speci�c molecular mechanisms by which nine other metabolites
defend against MAFLD through the AMPK pathway are illustrated
in Figure 10.

L-Theanine (L-THE), a natural component derived from tea,
exhibits immune-regulatory and sedative effects and is commonly
used in the management of many psychiatric disorders (Chen S. et al.,
2023). Research by Liang J et al. has demonstrated that L-theanine
ameliorates hepatic steatosis by boosting the Ca2+-CaMKK�-AMPK
signaling pathway, thereby modulating hepatocyte lipid metabolism
pathways (Liang J. et al., 2022). Plantamajoside (PMS), the primary
active ingredient in Plantago asiatica L., exhibits various biological
activities. It can improve immune dysregulation (downregulate IL-6,
IL-1�, TNF-�), reduce fatty acid uptake (downregulate FABP1), and
ameliorate abnormal liver lipid metabolism (inhibit SREBF1, PPAR�)
in MAFLD rats by activating the AMPK/Nrf2 pathway, thereby
treating MAFLD (Wu et al., 2023). Antrodan (ANT) has been
shown to effectively alleviate MAFLD through the AMPK/SIRT1/
SREBP-1c/PPAR� pathway (Chyau et al., 2020). Diosgenin (DIO) is a
natural saponin, and research �ndings consistently highlight that DIO
can treat metabolic diseases through various pathways and
mechanisms (Zhang S. Z. et al., 2022). DIO inhibits DNL and
increases FAO by modulating the AMPK-ACC/SREBP1 pathway.
Additionally, it can suppress ER stress by regulating the PERK and
IRE1 branches, reduce ROS by increasing levels of SOD, CAT, and
GPx, and enhance antioxidant capacity, thereby offering therapeutic
bene�ts for MAFLD (Zhong et al., 2022).

4 Discussion

MAFLD is a term introduced in 2020 as an improvement over
the previous nomenclature of NAFLD, aiming to capture the
metabolic essence more precisely. In terms of diagnosis, MAFLD
is identi�ed based on metabolic abnormalities such as type
2 diabetes, obesity, or metabolic syndrome, and it is compatible
with other hepatic disorders (e.g., viral hepatitis), making the
diagnosis more comprehensive and practical. From a clinical
perspective, the diagnostic criteria for MAFLD are better at
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recognizing populations susceptible to liver �brosis and metabolic
complications and are more intuitive, which helps to enhance
understanding of the disease among the public and primary care
physicians. The pathogenesis of MAFLD is highly complex,
involving multiple processes such as DNL, FAO, oxidative stress,
in�ammatory responses, autophagy, and endoplasmic reticulum
stress. These factors interact, ultimately leading to hepatic fat
deposition, in�ammation, and �brosis, which may progress to
cirrhosis and hepatocellular carcinoma. It is the complexity and
diversity of MAFLD pathogenesis and disease progression that
makes drug therapy a challenge, including the dif�culty of
achieving signi�cant ef�cacy with single-mechanism drugs, the
lack of drugs that are effective at all stages of the disease, the
dif�culty of identifying drug targets, and the side effects and
safety issues of drugs. Consequently, future studies should
prioritize investigating the synergy of multidrug combinations to
optimize treatment outcomes and minimize adverse reactions, as
well as continuing the search and development of novel drug targets
directing the pathogenesis of MAFLD. AMPK is a crucial regulatory
enzyme for glucose and lipid metabolism, capable of modulating
energy metabolism, lipid metabolism, and glucose metabolism.
Therefore, it holds potential application value in the treatment of
MAFLD. Despite progress, pharmacological interventions targeting
AMPK for MAFLD management are still in early-phase
development. Compared to Western medicine, natural plant
medicine has garnered growing interest in the treatment of
MAFLD due to its multi-target, multi-pathway mechanisms of
action, as well as its minimal side effects and cost-effectiveness.
Emerging evidence from recent investigations suggests natural
active botanical metabolites functioning as AMPK activators
could represent novel strategies for both prophylactic and
therapeutic management of MAFLD. With this goal in view, this
study summarizes the in vivo and in vitro experimental literature
from the past 5 years on Natural Active Botanical metabolites
improving MAFLD by targeting the AMPK pathway. In this
review, we conclude that natural active botanical metabolites
ameliorate hepatic lipid accumulation and degeneration,
ultimately treating MAFLD, by activating AMPK and its related
pathways, inhibiting lipogenesis, exerting anti-in�ammatory and
antioxidant effects, promoting fatty acid oxidation, lipolysis,
autophagy, and improving insulin resistance.

Speci�cally, natural active botanical metabolites can activate
AMPK and increase its phosphorylation by modulating upstream
molecules such as kinases (e.g., LKB1 and CaMKK2), energy sensors
(AMP), and other upstream regulators (e.g., leptin, adiponectin). They
can also directly activate AMPK, thereby inhibiting the activity of
lipogenic gene targets like ACC, HMGR, SCD1, and SREBP-1c, and
promoting the expression of genes involved in FAO such as PPAR�,
CPT1�, and ACOX1. Additionally, they improve mitochondrial
function, restore mitochondrial homeostasis, regulate oxidative
stress-related factors (e.g., ROS, MDA, SOD, GSH-Px, CAT), and
modulate autophagy factors (e.g., Bax, p62, cleaved caspase 3, Bcl-2,
Atg7, LC3II/I, Beclin1). They also reduce in�ammatory cytokines like
IL-1�, IL-6, TNF-�, and MCP-1, suppress endoplasmic reticulum
stress (downregulating BiP, ATF6, CHOP, ERK, JNK, etc.), promote
the expression of HSL and ATGL to accelerate lipolysis, and regulate
AUC of ITT, GTT, HOMA-IR index, fasting blood glucose, insulin
level and so on to improve the body’s insulin resistance, and �nally

play a role in the treatment of MAFLD. In addition, �-SMA, TGF-�,
Col-1, and Col-4 can be regulated to prevent liver �brosis, prevent the
risk of complications, and improve the patient’s quality of life and
prognosis. The pathways involved are diverse, including AMPK/
SREBP1, AMPK/ACC, AMPK/PGC-1�, LKB1/AMPK, SIRT1/
AMPK, AMPK/mTOR, AMPK/ULK1, AMPK/NF-�B, AMPK/
Nrf2, AMPK/PINK1, and TGF�-Smad2/3. Natural plant medicine,
with its multi-pathway, multi-level, and multi-target characteristics,
acts on various links within these pathways, forming a complex
network that collectively promotes the alleviation of MAFLD.

Our study demonstrates that natural active botanical metabolites
currently targeting MAFLD treatment are predominantly clustered in
�avonoids and terpenoids. Flavonoids typically exert their therapeutic
effects through multi-target mechanisms, with particularly signi�cant
roles in modulating oxidative stress (such as baicalein, baicalin,
neohesperidin, and hesperetin), regulating lipid metabolism, and
combating in�ammatory pathways (such as quercetin, chrysin, and
6-Gingerol). However, we do not know which �avonoids are the most
effective or which ones are suitable for dietary therapy. Therefore,
more clinical trials are needed to validate this. Our study also
demonstrates that multiple terpenoids exhibit a certain degree of
convergence in their targeted signaling pathways and molecular
mechanisms when treating MAFLD. For example, by modulating
PPAR-�, PPAR-�, Nrf2, and SIRT1, they exert antioxidant, anti-
in�ammatory, and hepatoprotective effects. Furthermore, alkaloids,
phenolic acids, and quinones also demonstrate considerable
therapeutic potential, while lignans and stilbenes remain relatively
understudied, warranting focused exploration as promising yet
underexplored candidates.

Furthermore, it is noteworthy that natural active botanical
metabolites demonstrate promising therapeutic potential in the
treatment of MAFLD, their clinical application faces multiple
challenges: (1) physicochemical limitations: natural monomers
often suffer from poor aqueous solubility and strong lipophilicity,
leading to restricted oral bioavailability (primarily due to signi�cant
hepatic �rst-pass effects); (2) targeted delivery barriers: inef�cient
hepatic accumulation and nonspeci�c systemic distribution may
result in off-target effects; (3) pharmacodynamic shortcomings: the
lack of tissue-speci�c targeting capability hampers precise
modulation of metabolic dysregulation pathways in the liver.
These factors collectively impede their clinical translation.
Emerging strategies such as hepatic-targeted drug delivery
systems (HTDDS), derivatization, and structural modi�cations
are progressively addressing these issues. These approaches not
only enhance drug delivery ef�ciency and stability but also
improve therapeutic ef�cacy and safety pro�les (Tang et al.,
2021). In typical situations, the solubility, absorption, and
metabolism rates of dietary �avonoids are low, while �avonoid
nanoparticles and �avonoid-metal ion complexes not only
enhance their effects but also reduce the systemic toxicity side
effects of the drugs, demonstrating great potential in the
treatment of MAFLD (Selvaraj et al., 2014; Dobrzynska et al.,
2020). For example, quercetin-iron complex nanoparticles can
signi�cantly improve the stability and solubility of quercetin
while also enhancing its antioxidant capacity (Prestianni et al.,
2023). Silybin is treated with nanotechnologies such as
nanoparticles, liposomes, and nano-suspensions, as well as
CD44 receptors, folic acid, vitamin A, and other liver-targeting
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methods to treat various liver diseases more effectively (Wu et al.,
2024). Based on these signi�cant research �ndings, we are con�dent
in the development prospects of individual metabolites of natural
plant medicine in the �eld of MAFLD treatment.

Natural active botanical metabolites, leveraging their unique
advantages of multi-pathway and multi-target actions, have
demonstrated remarkable ef�cacy in improving MAFLD. These
metabolites are not only economical and ef�cient but also exhibit
relatively few side effects. In numerous experimental studies focused
on weight control, liver tissue repair, and improvements in TC, TG,
LDL-C, and HDL-C levels, natural active botanical metabolites have
shown a broad and effective therapeutic dose range. However, there
are still some pressing issues in current research in this �eld. Firstly, in
developing approaches for the intervention and therapy of MAFLD,
existing experimental studies primarily focus on therapeutic effects
and their mechanisms, while assessments of the safety and
toxicological characteristics of these metabolites are relatively
inadequate. Therefore, there is an urgent need to strengthen
systematic safety evaluations of individual metabolites from natural
plant medicine and conduct standardized toxicity studies. Secondly,
some individual metabolites from natural plant medicine that have
been proven to have good therapeutic effects face technical challenges
such as poor water solubility, low oral absorption ef�ciency, and
unclear pharmacokinetic pro�les, which severely limit their clinical
translation and application. Although the development of novel drug
delivery systems brings hope for improved liver-targeted drug delivery
and enhanced bioavailability, current related research is still mainly
con�ned to animal experiments and in vitro cellular studies. The
absorption, distribution, metabolism, and excretion processes of these
metabolites in humans still require further in-depth research and
elucidation. It is particularly important to note that the study is
primarily based on animal and cellular research, but lacks clinical trial
data, which fails to validate the ef�cacy, safety, and optimal dosage of
these components in humans. Thirdly, Currently, common MAFLD
mouse models whether diet-induced (high-fat diet, high-cholesterol
diet, methionine, and choline-de�cient diet, high-fat, high-cholesterol
diets and high-fat, high-fructose diets), genetic (db/db mice, ob/ob
mice, and ApoE� /� mice), or chemically induced
(CCl4 administration), have certain limitations and fail to meet the
characteristics of an “ideal” MAFLD animal model. Furthermore,
while some animal models can accurately replicate speci�c stages of
MAFLD, they do not fully reproduce the entire human
pathophysiological process. Finally, although natural active
metabolites exert preventive and therapeutic effects on MAFLD by
acting on the AMPK target, this process is regulated by multiple
intertwined and closely related signaling pathways. All conclusions
drawn in this study are solely based on the AMPK pathway,
overlooking the complexity of the integrated regulatory network.

Given these research gaps, future studies should focus on: (1)
advancing clinical translation to validate the ef�cacy and safety of
natural metabolites in humans; (2) systematically investigating long-
term toxicity, drug interactions, and effects in special populations;
(3) developing nanocarriers and liver-targeting technologies to
enhance bioavailability and minimize systemic side effects; and
(4) integrating multi-omics approaches to comprehensively map
mechanistic networks and clarify multi-target synergistic effects.

Taking all factors into consideration, this article summarizes the
signi�cant therapeutic effects of natural active botanical metabolites

on MAFLD through targeted regulation of AMPK and its various
speci�c pathway mechanisms. Additionally, we have also pointed
out the de�ciencies in current research regarding experimental
design and subsequent development and application, as well as
our future expectations. We believe that if these widely available,
low-cost, and complex natural active botanical metabolites can be
better utilized, they could provide new and reliable means for the
treatment of MAFLD and even various metabolic diseases.

Author contributions

HW: Conceptualization, Data curation, Writing – original draft.
XL: Conceptualization, Data curation, Writing – original draft. CW:
Conceptualization, Writing – original draft. SY: Writing – review
and editing. XY: Writing – review and editing. XC: Writing – review
and editing. ML: Writing – review and editing. SL: Supervision,
Writing – review and editing. CZ: Funding acquisition, Supervision,
Writing – review and editing.

Funding

The author(s) declare that �nancial support was received for the
research and/or publication of this article. This work was supported
by the 2022 “Tianfu Qingcheng Plan” Tianfu Science and
Technology Leading Talents Project (Chuan Qingcheng No.
1090) and Science and Technology Innovation Project of China
Academy of Chinese Medical Sciences (CI2021A01204).

Con�ict of interest

The authors declare that the research was conducted in the
absence of any commercial or �nancial relationships that could be
construed as a potential con�ict of interest.

Generative AI statement

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

Publisher’s note

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

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fphar.2025.1611400/
full#supplementary-material

Frontiers in Pharmacology frontiersin.org18

Wang et al. 10.3389/fphar.2025.1611400

https://www.frontiersin.org/articles/10.3389/fphar.2025.1611400/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fphar.2025.1611400/full#supplementary-material
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1611400


References
Agbu, P., and Carthew, R. W. (2021). MicroRNA-mediated regulation of glucose and

lipid metabolism. Nat. Rev. Mol. Cell Biol. 22 (6), 425–438. doi:10.1038/s41580-021-
00354-w

Alers, S., Löf�er, A. S., Wesselborg, S., and Stork, B. (2012). Role of AMPK-mTOR-
Ulk1/2 in the regulation of autophagy: cross talk, shortcuts, and feedbacks. Mol. Cell
Biol. 32 (1), 2–11. doi:10.1128/mcb.06159-11

Bao, X., Li, J., Ren, C., Wei, J., Lu, X., Wang, X., et al. (2022). Aucubin ameliorates liver
�brosis and hepatic stellate cells activation in diabetic mice via inhibiting ER stress-
mediated IRE1�/TXNIP/NLRP3 in�ammasome through NOX4/ROS pathway. Chem.
Biol. Interact. 365, 110074. doi:10.1016/j.cbi.2022.110074

Basaranoglu, M., Basaranoglu, G., and Sentürk, H. (2013). From fatty liver to �brosis:
a tale of second hit. World J. Gastroenterol. 19 (8), 1158–1165. doi:10.3748/wjg.v19.i8.
1158

Bergman, M. E., Kortbeek, R. W. J., Gutensohn, M., and Dudareva, N. (2024). Plant
terpenoid biosynthetic network and its multiple layers of regulation. Prog. Lipid Res. 95,
101287. doi:10.1016/j.plipres.2024.101287

Bhambhani, S., Kondhare, K. R., and Giri, A. P. (2021). Diversity in chemical
structures and biological properties of plant alkaloids. Molecules 26 (11), 3374.
doi:10.3390/molecules26113374

Bhattamisra, S. K., Koh, H. M., Lim, S. Y., Choudhury, H., and Pandey, M. (2021).
Molecular and biochemical pathways of catalpol in alleviating diabetes mellitus and its
complications. Biomolecules 11 (2), 323. doi:10.3390/biom11020323

Bittla, P., Paidimarri, S. P., Ayuthu, S., Chauhan, Y. D., Saad, M. Z., Mirza, A. A., et al.
(2024). Resmetirom: a systematic review of the revolutionizing approach to non-
alcoholic steatohepatitis treatment focusing on ef�cacy, safety, cost-effectiveness,
and impact on quality of life. Cureus 16 (9), e69919. doi:10.7759/cureus.69919

Bolton, J. L., and Dunlap, T. (2017). Formation and biological targets of quinones:
cytotoxic versus cytoprotective effects. Chem. Res. Toxicol. 30 (1), 13–37. doi:10.1021/
acs.chemrestox.6b00256

Burri, B. J., La Frano, M. R., and Zhu, C. (2016). Absorption, metabolism, and
functions of �-cryptoxanthin. Nutr. Rev. 74 (2), 69–82. doi:10.1093/nutrit/nuv064

Cantó, C., Gerhart-Hines, Z., Feige, J. N., Lagouge, M., Noriega, L., Milne, J. C., et al.
(2009). AMPK regulates energy expenditure by modulating NAD+ metabolism and
SIRT1 activity. Nature 458 (7241), 1056–1060. doi:10.1038/nature07813

Chan, W. K., Chuah, K. H., Rajaram, R. B., Lim, L. L., Ratnasingam, J., and Vethakkan,
S. R. (2023). Metabolic dysfunction-associated steatotic liver disease (MASLD): a state-
of-the-art review. J. Obes. Metab. Syndr. 32 (3), 197–213. doi:10.7570/jomes23052

Chang, T. C., Chiou, W. C., Lai, W. H., Huang, H. C., Huang, Y. L., Liu, H. K., et al.
(2021). Ugonin J improves metabolic disorder and ameliorates nonalcoholic fatty liver
disease by regulating the AMPK/AKT signaling pathway. Pharmacol. Res. 163, 105298.
doi:10.1016/j.phrs.2020.105298

Chen, C., Liu, X. C., and Deng, B. (2024). Protective effects of berberine on
nonalcoholic fatty liver disease in Db/Db mice via AMPK/SIRT1 pathway
activation. Curr. Med. Sci. 44 (5), 902–911. doi:10.1007/s11596-024-2914-y

Chen, S., Kang, J., Zhu, H., Wang, K., Han, Z., Wang, L., et al. (2023a). L-Theanine
and immunity: a review. Molecules 28 (9), 3846. doi:10.3390/molecules28093846

Chen, S., Lu, H., Yin, G., Zhang, X., Meng, D., Yu, W., et al. (2025a). Hesperitin
prevents non-alcoholic steatohepatitis by modulating mitochondrial dynamics and
mitophagy via the AMPK�-Drp1/PINK1-Parkin signaling pathway. Biochim. Biophys.
Acta Mol. Cell Biol. Lipids 1870 (1), 159570. doi:10.1016/j.bbalip.2024.159570

Chen, W., Xu, M., Xu, M., Wang, Y., Zou, Q., Xie, S., et al. (2022b). Effects of betaine on
non-alcoholic liver disease. Nutr. Res. Rev. 35 (1), 28–38. doi:10.1017/s0954422421000056

Chen, W., Zhang, X., Xu, M., Jiang, L., Zhou, M., Liu, W., et al. (2021). Betaine prevented
high-fat diet-induced NAFLD by regulating the FGF10/AMPK signaling pathway in
ApoE(-/-) mice. Eur. J. Nutr. 60 (3), 1655–1668. doi:10.1007/s00394-020-02362-6

Chen, X., Fu, K., Lai, Y., Dong, C., Chen, Z., Huang, Y., et al. (2023b).
Tetrahydropalmatine: orchestrating survival - regulating autophagy and apoptosis
via the PI3K/AKT/mTOR pathway in perforator �aps. Biomed. Pharmacother. 169,
115887. doi:10.1016/j.biopha.2023.115887

Cheng, J., Liu, Y., Liu, Y. J., Liu, D., Liu, Y., Guo, Y. T., et al. (2020). Ursolic acid
alleviates lipid accumulation by activating the AMPK signaling pathway in vivo and
in vitro. J. Food Sci. 85 (11), 3998–4008. doi:10.1111/1750-3841.15475

Cheng, S. C., Liou, C. J., Wu, Y. X., Yeh, K. W., Chen, L. C., and Huang, W. C. (2024).
Gypenoside XIII regulates lipid metabolism in HepG2 hepatocytes and ameliorates
nonalcoholic steatohepatitis in mice. Kaohsiung J. Med. Sci. 40 (3), 280–290. doi:10.
1002/kjm2.12795

Chyau, C. C., Wang, H. F., Zhang, W. J., Chen, C. C., Huang, S. H., Chang, C. C., et al.
(2020). Antrodan alleviates high-fat and high-fructose diet-induced fatty liver disease in
C57BL/6 mice model via AMPK/Sirt1/SREBP-1c/PPAR� pathway. Int. J. Mol. Sci. 21
(1), 360. doi:10.3390/ijms21010360

Clare, K., Dillon, J. F., and Brennan, P. N. (2022). Reactive oxygen species and
oxidative stress in the pathogenesis of MAFLD. J. Clin. Transl. Hepatol. 10 (5), 939–946.
doi:10.14218/jcth.2022.00067

Clugston, R. D. (2023). �-cryptoxanthin and fatty liver disease: new insights.
Hepatobiliary Surg. Nutr. 12 (3), 450–452. doi:10.21037/hbsn-23-201

Cross, E., Dearlove, D. J., and Hodson, L. (2023). Nutritional regulation of hepatic de
novo lipogenesis in humans. Curr. Opin. Clin. Nutr. Metab. Care 26 (2), 65–71. doi:10.
1097/mco.0000000000000914

Cui, Y., Chen, J., Zhang, Z., Shi, H., Sun, W., and Yi, Q. (2023). The role of AMPK in
macrophage metabolism, function and polarisation. J. Transl. Med. 21 (1), 892. doi:10.
1186/s12967-023-04772-6

Czaja, M. J. (2016). Function of autophagy in nonalcoholic fatty liver disease. Dig. Dis.
Sci. 61 (5), 1304–1313. doi:10.1007/s10620-015-4025-x

Ding, X., Jian, T., Li, J., Lv, H., Tong, B., Li, J., et al. (2020a). Chicoric acid ameliorates
nonalcoholic fatty liver disease via the AMPK/Nrf2/NF�B signaling pathway and
restores gut microbiota in high-fat-diet-fed mice. Oxid. Med. Cell Longev. 2020,
9734560. doi:10.1155/2020/9734560

Dobrzynska, M., Napierala, M., and Florek, E. (2020). Flavonoid nanoparticles: a
promising approach for cancer therapy. Biomolecules 10 (9), 1268. doi:10.3390/
biom10091268

Dong, X., Fu, J., Yin, X., Cao, S., Li, X., Lin, L., et al. (2016). Emodin: a review of its
pharmacology, toxicity and pharmacokinetics. Phytother. Res. 30 (8), 1207–1218.
doi:10.1002/ptr.5631

Dong, Y., Yu, M., Wu, Y., Xia, T., Wang, L., Song, K., et al. (2022). Hydroxytyrosol
promotes the mitochondrial function through activating mitophagy. Antioxidants
(Basel) 11 (5), 893. doi:10.3390/antiox11050893

Elseweidy, M. M., Elesawy, A. E., Sobh, M. S., and Elnagar, G. M. (2022). Ellagic acid
ameliorates high fructose-induced hyperuricemia and non-alcoholic fatty liver in wistar
rats: focusing on the role of C1q/tumor necrosis factor-related protein-3 and ATP
citrate lyase. Life Sci. 305, 120751. doi:10.1016/j.lfs.2022.120751

Engin, A. (2024). Nonalcoholic fatty liver disease and staging of hepatic �brosis. Adv.
Exp. Med. Biol. 1460, 539–574. doi:10.1007/978-3-031-63657-8_18

Eslam, M., Newsome, P. N., Sarin, S. K., Anstee, Q. M., Targher, G., Romero-Gomez,
M., et al. (2020a). A new de�nition for metabolic dysfunction-associated fatty liver
disease: an international expert consensus statement. J. Hepatol. 73 (1), 202–209. doi:10.
1016/j.jhep.2020.03.039

Eslam, M., Sanyal, A. J., George, J., and International Consensus Panel (2020b).
MAFLD: a consensus-driven proposed nomenclature for metabolic associated fatty liver
disease. Gastroenterology 158 (7), 1999–2014.e1. doi:10.1053/j.gastro.2019.11.312

Estrela, J. M., Ortega, A., Mena, S., Rodriguez, M. L., and Asensi, M. (2013).
Pterostilbene: biomedical applications. Crit. Rev. Clin. Lab. Sci. 50 (3), 65–78.
doi:10.3109/10408363.2013.805182

Fan, N., Zhao, J., Zhao, W., Zhang, X., Song, Q., Shen, Y., et al. (2022). Celastrol-
loaded lactosylated albumin nanoparticles attenuate hepatic steatosis in non-alcoholic
fatty liver disease. J. Control Release 347, 44–54. doi:10.1016/j.jconrel.2022.04.034

Fan, W., Pan, M., Zheng, C., Shen, H., Pi, D., Song, Q., et al. (2024). Leonurine inhibits
hepatic lipid synthesis to ameliorate NAFLD via the ADRA1a/AMPK/SCD1 axis. Int.
J. Mol. Sci. 25 (19), 10855. doi:10.3390/ijms251910855

Fang, C., Pan, J., Qu, N., Lei, Y., Han, J., Zhang, J., et al. (2022). The AMPK pathway in
fatty liver disease. Front. Physiol. 13, 970292. doi:10.3389/fphys.2022.970292

Fang, X., and Hu, X. (2018). Advances in the synthesis of lignan natural products.
Molecules 23 (12), 3385. doi:10.3390/molecules23123385

Feng, X., Sureda, A., Jafari, S., Memariani, Z., Tewari, D., Annunziata, G., et al. (2019).
Berberine in cardiovascular and metabolic diseases: from mechanisms to therapeutics.
Theranostics 9 (7), 1923–1951. doi:10.7150/thno.30787

Fischer, C., Seki, T., Lim, S., Nakamura, M., Andersson, P., Yang, Y., et al. (2017). A
miR-327-FGF10-FGFR2-mediated autocrine signaling mechanism controls white fat
browning. Nat. Commun. 8 (1), 2079. doi:10.1038/s41467-017-02158-z

Fouqueray, P., Bolze, S., Dubourg, J., Hallakou-Bozec, S., Theurey, P., Grouin, J. M.,
et al. (2021). Pharmacodynamic effects of direct AMP kinase activation in humans with
insulin resistance and non-alcoholic fatty liver disease: a phase 1b study. Cell Rep. Med. 2
(12), 100474. doi:10.1016/j.xcrm.2021.100474

Friedman, S. L., Neuschwander-Tetri, B. A., Rinella, M., and Sanyal, A. J. (2018).
Mechanisms of NAFLD development and therapeutic strategies. Nat. Med. 24 (7),
908–922. doi:10.1038/s41591-018-0104-9

Gao, G., Zhao, J., Ding, J., Liu, S., Shen, Y., Liu, C., et al. (2024). Alisol B regulates
AMPK/mTOR/SREBPs via directly targeting VDAC1 to alleviate hyperlipidemia.
Phytomedicine 128, 155313. doi:10.1016/j.phymed.2023.155313

Gao, S., and Feng, Q. (2022). The bene�cial effects of geniposide on glucose and
lipid metabolism: a review. Drug Des. Devel Ther. 16, 3365–3383. doi:10.2147/dddt.
S378976

Gao, Y., Liu, J., Hao, Z., Sun, N., Guo, J., Zheng, X., et al. (2023b). Baicalin ameliorates
high fat diet-induced nonalcoholic fatty liver disease in mice via adenosine
monophosphate-activated protein kinase-mediated regulation of SREBP1/Nrf2/NF-
�B signaling pathways. Phytother. Res. 37 (6), 2405–2418. doi:10.1002/ptr.7762

Frontiers in Pharmacology frontiersin.org19

Wang et al. 10.3389/fphar.2025.1611400

https://doi.org/10.1038/s41580-021-00354-w
https://doi.org/10.1038/s41580-021-00354-w
https://doi.org/10.1128/mcb.06159-11
https://doi.org/10.1016/j.cbi.2022.110074
https://doi.org/10.3748/wjg.v19.i8.1158
https://doi.org/10.3748/wjg.v19.i8.1158
https://doi.org/10.1016/j.plipres.2024.101287
https://doi.org/10.3390/molecules26113374
https://doi.org/10.3390/biom11020323
https://doi.org/10.7759/cureus.69919
https://doi.org/10.1021/acs.chemrestox.6b00256
https://doi.org/10.1021/acs.chemrestox.6b00256
https://doi.org/10.1093/nutrit/nuv064
https://doi.org/10.1038/nature07813
https://doi.org/10.7570/jomes23052
https://doi.org/10.1016/j.phrs.2020.105298
https://doi.org/10.1007/s11596-024-2914-y
https://doi.org/10.3390/molecules28093846
https://doi.org/10.1016/j.bbalip.2024.159570
https://doi.org/10.1017/s0954422421000056
https://doi.org/10.1007/s00394-020-02362-6
https://doi.org/10.1016/j.biopha.2023.115887
https://doi.org/10.1111/1750-3841.15475
https://doi.org/10.1002/kjm2.12795
https://doi.org/10.1002/kjm2.12795
https://doi.org/10.3390/ijms21010360
https://doi.org/10.14218/jcth.2022.00067
https://doi.org/10.21037/hbsn-23-201
https://doi.org/10.1097/mco.0000000000000914
https://doi.org/10.1097/mco.0000000000000914
https://doi.org/10.1186/s12967-023-04772-6
https://doi.org/10.1186/s12967-023-04772-6
https://doi.org/10.1007/s10620-015-4025-x
https://doi.org/10.1155/2020/9734560
https://doi.org/10.3390/biom10091268
https://doi.org/10.3390/biom10091268
https://doi.org/10.1002/ptr.5631
https://doi.org/10.3390/antiox11050893
https://doi.org/10.1016/j.lfs.2022.120751
https://doi.org/10.1007/978-3-031-63657-8_18
https://doi.org/10.1016/j.jhep.2020.03.039
https://doi.org/10.1016/j.jhep.2020.03.039
https://doi.org/10.1053/j.gastro.2019.11.312
https://doi.org/10.3109/10408363.2013.805182
https://doi.org/10.1016/j.jconrel.2022.04.034
https://doi.org/10.3390/ijms251910855
https://doi.org/10.3389/fphys.2022.970292
https://doi.org/10.3390/molecules23123385
https://doi.org/10.7150/thno.30787
https://doi.org/10.1038/s41467-017-02158-z
https://doi.org/10.1016/j.xcrm.2021.100474
https://doi.org/10.1038/s41591-018-0104-9
https://doi.org/10.1016/j.phymed.2023.155313
https://doi.org/10.2147/dddt.S378976
https://doi.org/10.2147/dddt.S378976
https://doi.org/10.1002/ptr.7762
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1611400


Gómez-Zorita, S., Milton-Laskíbar, I., Aguirre, L., Fernández-Quintela, A., Xiao, J.,
and Portillo, M. P. (2021). Effects of pterostilbene on diabetes, liver steatosis and serum
lipids. Curr. Med. Chem. 28 (2), 238–252. doi:10.2174/0929867326666191029112626

Gong, X., Li, T., Wan, R., and Sha, L. (2021). Cordycepin attenuates high-fat diet-
induced non-alcoholic fatty liver disease via down-regulation of lipid metabolism and
in�ammatory responses. Int. Immunopharmacol. 91, 107173. doi:10.1016/j.intimp.
2020.107173

Guan, L. P., and Liu, B. Y. (2016). Antidepressant-like effects and mechanisms of
�avonoids and related analogues. Eur. J. Med. Chem. 121, 47–57. doi:10.1016/j.ejmech.
2016.05.026

Guo, X., Yin, X., Liu, Z., and Wang, J. (2022). Non-alcoholic fatty liver disease
(NAFLD) pathogenesis and natural products for prevention and treatment. Int. J. Mol.
Sci. 23 (24), 15489. doi:10.3390/ijms232415489

Gwon, S. Y., Ahn, J., Jung, C. H., Moon, B., and Ha, T. Y. (2020). Shikonin attenuates
hepatic steatosis by enhancing beta oxidation and energy expenditure via AMPK
activation. Nutrients 12 (4), 1133. doi:10.3390/nu12041133

Hajam, Y. A., Rani, R., Ganie, S. Y., Sheikh, T. A., Javaid, D., Qadri, S. S., et al. (2022).
Oxidative stress in human pathology and aging: molecular mechanisms and
perspectives. Cells 11 (3), 552. doi:10.3390/cells11030552

Han, Y., Yang, H., Li, L., Du, X., and Sun, C. (2019). Schisanhenol improves learning
and memory in scopolamine-treated mice by reducing acetylcholinesterase activity and
attenuating oxidative damage through SIRT1-PGC-1�-Tau signaling pathway. Int.
J. Neurosci. 129 (2), 110–118. doi:10.1080/00207454.2018.1503183

Hemalatha, T., Pulavendran, S., Balachandran, C., Manohar, B. M., and
Puvanakrishnan, R. (2010). Arjunolic acid: a novel phytomedicine with
multifunctional therapeutic applications. Indian J. Exp. Biol. 48 (3), 238–247.

Hotamisligil, G. S. (2006). In�ammation and metabolic disorders. Nature 444 (7121),
860–867. doi:10.1038/nature05485

Hu, M., Zhang, D., Xu, H., Zhang, Y., Shi, H., Huang, X., et al. (2021). Salidroside
activates the AMP-activated protein kinase pathway to suppress nonalcoholic
steatohepatitis in mice. Hepatology 74 (6), 3056–3073. doi:10.1002/hep.32066

Huang, H., Chang, Y. H., Xu, J., Ni, H. Y., Zhao, H., Zhai, B. W., et al. (2022). Aucubin
as a natural potential anti-acute hepatitis candidate: inhibitory potency and
hepatoprotective mechanism. Phytomedicine 102, 154170. doi:10.1016/j.phymed.
2022.154170

Huang, S. C., and Liu, C. J. (2023). Chronic hepatitis B with concurrent metabolic
dysfunction-associated fatty liver disease: challenges and perspectives. Clin. Mol.
Hepatol. 29 (2), 320–331. doi:10.3350/cmh.2022.0422

Huang, Y., Lang, H., Chen, K., Zhang, Y., Gao, Y., Ran, L., et al. (2020). Resveratrol
protects against nonalcoholic fatty liver disease by improving lipid metabolism and
redox homeostasis via the PPAR� pathway. Appl. Physiol. Nutr. Metab. 45 (3), 227–239.
doi:10.1139/apnm-2019-0057

Huang, Y. L., Shen, C. C., Shen, Y. C., Chiou, W. F., and Chen, C. C. (2017). Anti-
in�ammatory and antiosteoporosis �avonoids from the rhizomes of Helminthostachys
zeylanica. J. Nat. Prod. 80 (2), 246–253. doi:10.1021/acs.jnatprod.5b01164

Imran, M., Aslam Gondal, T., Atif, M., Shahbaz, M., Batool Qaisarani, T., Hanif
Mughal, M., et al. (2020). Apigenin as an anticancer agent. Phytother. Res. 34 (8),
1812–1828. doi:10.1002/ptr.6647

Inamdar, S., Joshi, A., Malik, S., Boppana, R., and Ghaskadbi, S. (2019b). Vitexin
alleviates non-alcoholic fatty liver disease by activating AMPK in high fat diet fed mice.
Biochem. Biophysical Res. Commun. 519 (1), 106–112. doi:10.1016/j.bbrc.2019.08.139

Ipsen, D. H., Lykkesfeldt, J., and Tveden-Nyborg, P. (2018). Molecular mechanisms of
hepatic lipid accumulation in non-alcoholic fatty liver disease. Cell Mol. Life Sci. 75 (18),
3313–3327. doi:10.1007/s00018-018-2860-6

Isaev, N. K., Chetverikov, N. S., Stelmashook, E. V., Genrikhs, E. E., Khaspekov, L. G.,
and Illarioshkin, S. N. (2020). Thymoquinone as a potential neuroprotector in acute and
chronic forms of cerebral pathology. Biochem. (Mosc) 85 (2), 167–176. doi:10.1134/
s0006297920020042

Kamikubo, R., Yoshida, H., Fushimi, T., Kamei, Y., and Akagawa, M. (2024). �-
Caryophyllene, a dietary phytocannabinoid, alleviates high-fat diet-induced hepatic
steatosis in mice via AMPK activation. Biosci. Biotechnol. Biochem. 88 (12), 1465–1471.
doi:10.1093/bbb/zbae129

Karami, A., Fakhri, S., Kooshki, L., and Khan, H. (2022). Polydatin: pharmacological
mechanisms, therapeutic targets, biological activities, and health bene�ts. Molecules 27
(19), 6474. doi:10.3390/molecules27196474

Khan, F., Pandey, P., Verma, M., and Upadhyay, T. K. (2024). Terpenoid-mediated
targeting of STAT3 signaling in cancer: an overview of preclinical studies. Biomolecules
14 (2), 200. doi:10.3390/biom14020200

Kim, H., Seo, K. H., and Yokoyama, W. (2020a). Chemistry of pterostilbene and its
metabolic effects. J. Agric. Food Chem. 68 (46), 12836–12841. doi:10.1021/acs.jafc.
0c00070

Kim, M., Yoo, G., Randy, A., Son, Y. J., Hong, C. R., Kim, S. M., et al. (2020b). Lemon
balm and its constituent, rosmarinic acid, alleviate liver damage in an animal model of
nonalcoholic steatohepatitis. Nutrients 12 (4), 1166. doi:10.3390/nu12041166

Kusu, H., Yoshida, H., Kudo, M., Okuyama, M., Harada, N., Tsuji-Naito, K., et al.
(2019). Tomatidine reduces palmitate-induced lipid accumulation by activating AMPK
via vitamin D receptor-mediated signaling in human HepG2 hepatocytes. Mol. Nutr.
Food Res. 63 (22), e1801377. doi:10.1002/mnfr.201801377

Kwan, H. Y., Wu, J., Su, T., Chao, X. J., Yu, H., Liu, B., et al. (2017). Schisandrin B
regulates lipid metabolism in subcutaneous adipocytes. Sci. Rep. 7 (1), 10266. doi:10.
1038/s41598-017-10385-z

Lan, F., Cacicedo, J. M., Ruderman, N., and Ido, Y. (2008). SIRT1 modulation of the
acetylation status, cytosolic localization, and activity of LKB1. Possible role in AMP-
Activated protein kinase activation. J. Biol. Chem. 283 (41), 27628–27635. doi:10.1074/
jbc.M805711200

Le, M. H., Yeo, Y. H., Li, X., Li, J., Zou, B., Wu, Y., et al. (2022). 2019 global NAFLD
prevalence: a systematic review and meta-analysis. Clin. Gastroenterol. Hepatol. 20 (12),
2809–2817.e28. doi:10.1016/j.cgh.2021.12.002

Lebeaupin, C., Vallée, D., Hazari, Y., Hetz, C., Chevet, E., and Bailly-Maitre, B. (2018).
Endoplasmic reticulum stress signalling and the pathogenesis of non-alcoholic fatty
liver disease. J. Hepatol. 69 (4), 927–947. doi:10.1016/j.jhep.2018.06.008

Lee, H. S., Lee, J., Smolensky, D., and Lee, S. H. (2020). Potential bene�ts of patchouli
alcohol in prevention of human diseases: a mechanistic review. Int. Immunopharmacol.
89 (Pt A), 107056. doi:10.1016/j.intimp.2020.107056

Li, B., Xiao, Q., Zhao, H., Zhang, J., Yang, C., Zou, Y., et al. (2024). Schisanhenol
ameliorates non-alcoholic fatty liver disease via inhibiting miR-802 activation of
AMPK-Mediated modulation of hepatic lipid metabolism. Acta Pharm. Sin. B 14
(9), 3949–3963. doi:10.1016/j.apsb.2024.05.014

Li, N., Yin, L., Shang, J., Liang, M., Liu, Z., Yang, H., et al. (2023). Kaempferol
attenuates nonalcoholic fatty liver disease in type 2 diabetic mice via the Sirt1/AMPK
signaling pathway. Biomed. Pharmacother. 165, 115113. doi:10.1016/j.biopha.2023.
115113

Li, Q., Tan, J. X., He, Y., Bai, F., Li, S. W., Hou, Y. W., et al. (2022c). Atractylenolide III
ameliorates non-alcoholic fatty liver disease by activating hepatic adiponectin receptor
1-Mediated AMPK pathway. Int. J. Biol. Sci. 18 (4), 1594–1611. doi:10.7150/ijbs.68873

Li, R., Li, J., Huang, Y., Li, H., Yan, S., Lin, J., et al. (2018). Polydatin attenuates diet-
induced nonalcoholic steatohepatitis and �brosis in mice. Int. J. Biol. Sci. 14 (11),
1411–1425. doi:10.7150/ijbs.26086

Li, S., Qian, Q., Ying, N., Lai, J., Feng, L., Zheng, S., et al. (2020). Activation of the
AMPK-SIRT1 pathway contributes to protective effects of salvianolic acid A against
lipotoxicity in hepatocytes and NAFLD in mice. Front. Pharmacol. 11, 560905. doi:10.
3389/fphar.2020.560905

Li, X., Zhao, Y., Gong, S., Song, T., Ge, J., Li, J., et al. (2023c). Schisandrin B
ameliorates acute liver injury by regulating EGFR-Mediated activation of autophagy.
Bioorg Chem. 130, 106272. doi:10.1016/j.bioorg.2022.106272

Li, Y., Liu, Y., Chen, Z., Tang, K., Yang, L., Jiang, Y., et al. (2023d). Protopanaxadiol
ameliorates NAFLD by regulating hepatocyte lipid metabolism through AMPK/
SIRT1 signaling pathway. Biomed. Pharmacother. 160, 114319. doi:10.1016/j.biopha.
2023.114319

Li, Y., Ren, L., Song, G., Zhang, P., Yang, L., Chen, X., et al. (2019). Silibinin
ameliorates fructose-induced lipid accumulation and activates autophagy in
HepG2 cells. Endocr. Metab. Immune Disord. Drug Targets 19 (5), 632–642. doi:10.
2174/1871530319666190207163325

Liang, J., Gu, L., Liu, X., Yan, X., Bi, X., Fan, X., et al. (2022a). L-theanine prevents
progression of nonalcoholic hepatic steatosis by regulating hepatocyte lipid metabolic
pathways via the CaMKK�-AMPK signaling pathway. Nutr. Metab. (Lond) 19 (1), 29.
doi:10.1186/s12986-022-00664-6

Liang, L., Ye, S., Jiang, R., Zhou, X., Zhou, J., and Meng, S. (2022b). Liensinine
alleviates high fat diet (HFD)-Induced non-alcoholic fatty liver disease (NAFLD)
through suppressing oxidative stress and in�ammation via regulating TAK1/AMPK
signaling. Int. Immunopharmacol. 104, 108306. doi:10.1016/j.intimp.2021.108306

Lim, J. Y., Liu, C., Hu, K. Q., Smith, D. E., Wu, D. Y., Lamon-Fava, S., et al. (2019).
Dietary �-Cryptoxanthin inhibits high-re�ned carbohydrate diet-induced fatty liver via
differential protective mechanisms depending on carotenoid cleavage enzymes in Male
mice. J. Nutr. 149 (9), 1553–1564. doi:10.1093/jn/nxz106

Lin, W., Jin, Y., Hu, X., Huang, E., and Zhu, Q. (2021). AMPK/PGC-1�/GLUT4-
Mediated effect of icariin on hyperlipidemia-induced non-alcoholic fatty liver disease
and lipid metabolism disorder in mice. Biochem. (Mosc) 86 (11), 1407–1417. doi:10.
1134/s0006297921110055

Lin, W. S., Leland, J. V., Ho, C. T., and Pan, M. H. (2020). Occurrence, bioavailability,
anti-in�ammatory, and anticancer effects of pterostilbene. J. Agric. Food Chem. 68 (46),
12788–12799. doi:10.1021/acs.jafc.9b07860

Liou, C. J., Dai, Y. W., Wang, C. L., Fang, L. W., and Huang, W. C. (2019a). Maslinic
acid protects against obesity-induced nonalcoholic fatty liver disease in mice through
regulation of the Sirt1/AMPK signaling pathway. Faseb J. 33 (11), 11791–11803. doi:10.
1096/fj.201900413RRR

Liu, J., Liu, S., Yu, M., Li, J., Xie, Z., Gao, B., et al. (2023a). Anti-in�ammatory effect
and mechanism of catalpol in various in�ammatory diseases. Drug Dev. Res. 84 (7),
1376–1394. doi:10.1002/ddr.22096

Frontiers in Pharmacology frontiersin.org20

Wang et al. 10.3389/fphar.2025.1611400

https://doi.org/10.2174/0929867326666191029112626
https://doi.org/10.1016/j.intimp.2020.107173
https://doi.org/10.1016/j.intimp.2020.107173
https://doi.org/10.1016/j.ejmech.2016.05.026
https://doi.org/10.1016/j.ejmech.2016.05.026
https://doi.org/10.3390/ijms232415489
https://doi.org/10.3390/nu12041133
https://doi.org/10.3390/cells11030552
https://doi.org/10.1080/00207454.2018.1503183
https://doi.org/10.1038/nature05485
https://doi.org/10.1002/hep.32066
https://doi.org/10.1016/j.phymed.2022.154170
https://doi.org/10.1016/j.phymed.2022.154170
https://doi.org/10.3350/cmh.2022.0422
https://doi.org/10.1139/apnm-2019-0057
https://doi.org/10.1021/acs.jnatprod.5b01164
https://doi.org/10.1002/ptr.6647
https://doi.org/10.1016/j.bbrc.2019.08.139
https://doi.org/10.1007/s00018-018-2860-6
https://doi.org/10.1134/s0006297920020042
https://doi.org/10.1134/s0006297920020042
https://doi.org/10.1093/bbb/zbae129
https://doi.org/10.3390/molecules27196474
https://doi.org/10.3390/biom14020200
https://doi.org/10.1021/acs.jafc.0c00070
https://doi.org/10.1021/acs.jafc.0c00070
https://doi.org/10.3390/nu12041166
https://doi.org/10.1002/mnfr.201801377
https://doi.org/10.1038/s41598-017-10385-z
https://doi.org/10.1038/s41598-017-10385-z
https://doi.org/10.1074/jbc.M805711200
https://doi.org/10.1074/jbc.M805711200
https://doi.org/10.1016/j.cgh.2021.12.002
https://doi.org/10.1016/j.jhep.2018.06.008
https://doi.org/10.1016/j.intimp.2020.107056
https://doi.org/10.1016/j.apsb.2024.05.014
https://doi.org/10.1016/j.biopha.2023.115113
https://doi.org/10.1016/j.biopha.2023.115113
https://doi.org/10.7150/ijbs.68873
https://doi.org/10.7150/ijbs.26086
https://doi.org/10.3389/fphar.2020.560905
https://doi.org/10.3389/fphar.2020.560905
https://doi.org/10.1016/j.bioorg.2022.106272
https://doi.org/10.1016/j.biopha.2023.114319
https://doi.org/10.1016/j.biopha.2023.114319
https://doi.org/10.2174/1871530319666190207163325
https://doi.org/10.2174/1871530319666190207163325
https://doi.org/10.1186/s12986-022-00664-6
https://doi.org/10.1016/j.intimp.2021.108306
https://doi.org/10.1093/jn/nxz106
https://doi.org/10.1134/s0006297921110055
https://doi.org/10.1134/s0006297921110055
https://doi.org/10.1021/acs.jafc.9b07860
https://doi.org/10.1096/fj.201900413RRR
https://doi.org/10.1096/fj.201900413RRR
https://doi.org/10.1002/ddr.22096
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1611400


Liu, J., Zhang, T., Zhu, J., Ruan, S., Li, R., Guo, B., et al. (2021b). Honokiol attenuates
lipotoxicity in hepatocytes via activating SIRT3-AMPK mediated lipophagy. Chin. Med.
16 (1), 115. doi:10.1186/s13020-021-00528-w

Liu, K., Tang, S., Liu, C., Ma, J., Cao, X., Yang, X., et al. (2024a). Systemic immune-
in�ammatory biomarkers (SII, NLR, PLR and LMR) linked to non-alcoholic fatty liver
disease risk. Front. Immunol. 15, 1337241. doi:10.3389/�mmu.2024.1337241

Liu, X., Guo, B., Li, Q., and Nie, J. (2024b). mTOR in metabolic homeostasis and
disease. Exp. Cell Res. 441 (2), 114173. doi:10.1016/j.yexcr.2024.114173

Liu, Y., Li, D., Wang, S., Peng, Z., Tan, Q., He, Q., et al. (2023b). 6-Gingerol
ameliorates hepatic steatosis, in�ammation and oxidative stress in high-fat diet-fed
mice through activating LKB1/AMPK signaling. Int. J. Mol. Sci. 24 (7), 6285. doi:10.
3390/ijms24076285

Liu, Y., Zhang, Y., Zhu, H., Shen, W., Chen, Z., Bai, J., et al. (2022). Aucubin
administration suppresses STING signaling and mitigated high-fat diet-induced
atherosclerosis and steatohepatosis in LDL receptor de�cient mice. Food Chem.
Toxicol. 169, 113422. doi:10.1016/j.fct.2022.113422

Lu, J., Zhou, H., Hu, J., Zhang, R., Meng, Z., and Guan, S. (2024). Apigenin reduces
lipid droplet accumulation in hepatocytes by enhancing chaperone-mediated autophagy
via AMPK. J. Agric. Food Chem. 72 (50), 27965–27977. doi:10.1021/acs.jafc.4c08430

Lu, Y., and George, J. (2024). Interaction between fatty acid oxidation and ethanol
metabolism in liver. Am. J. Physiol. Gastrointest. Liver Physiol. 326 (5), G483–g494.
doi:10.1152/ajpgi.00281.2023

Luo, L., Fang, K., Dan, X., and Gu, M. (2019). Crocin ameliorates hepatic steatosis
through activation of AMPK signaling in Db/Db mice. Lipids Health Dis. 18 (1), 11.
doi:10.1186/s12944-018-0955-6

Ma, C., Wang, Z., Xia, R., Wei, L., Zhang, C., Zhang, J., et al. (2021). Danthron
ameliorates obesity and MAFLD through activating the interplay between PPAR�/
RXR� heterodimer and adiponectin receptor 2. Biomed. Pharmacother. 137, 111344.
doi:10.1016/j.biopha.2021.111344

Ma, R., Zhan, Y., Zhang, Y., Wu, L., Wang, X., and Guo, M. (2022). Schisandrin B
ameliorates non-alcoholic liver disease through anti-in�ammation activation in diabetic
mice. Drug Dev. Res. 83 (3), 735–744. doi:10.1002/ddr.21905

Mahmoud, Y. K., and Abdelrazek, H. M. A. (2019). Cancer: thymoquinone
antioxidant/pro-oxidant effect as potential anticancer remedy. Biomed.
Pharmacother. 115, 108783. doi:10.1016/j.biopha.2019.108783

Marton, L. T., Pescinini, E. S. L. M., Camargo, M. E. C., Barbalho, S. M., Haber, J.,
Sinatora, R. V., et al. (2021). The effects of curcumin on diabetes mellitus: a systematic
review. Front. Endocrinol. (Lausanne) 12, 669448. doi:10.3389/fendo.2021.669448

Mhillaj, E., Tarozzi, A., Pruccoli, L., Cuomo, V., Trabace, L., and Mancuso, C. (2019).
Curcumin and heme oxygenase: neuroprotection and beyond. Int. J. Mol. Sci. 20 (10),
2419. doi:10.3390/ijms20102419

Mohammed, H. M. (2022). Zingerone ameliorates non-alcoholic fatty liver disease in
rats by activating AMPK. J. Food Biochem. 46 (7), e14149. doi:10.1111/jfbc.14149

Niture, S., Lin, M., Rios-Colon, L., Qi, Q., Moore, J. T., and Kumar, D. (2021).
Emerging roles of impaired autophagy in fatty liver disease and hepatocellular
carcinoma. Int. J. Hepatol. 2021, 6675762. doi:10.1155/2021/6675762

Oriquat, G., Masoud, I. M., Kamel, M. A., Aboudeya, H. M., Bakir, M. B., and Shaker,
S. A. (2023). The anti-obesity and anti-steatotic effects of chrysin in a rat model of
obesity mediated through modulating the hepatic AMPK/mTOR/lipogenesis pathways.
Molecules 28 (4), 1734. doi:10.3390/molecules28041734

Pa�li, K., and Roden, M. (2021). Nonalcoholic fatty liver disease (NAFLD) from
pathogenesis to treatment concepts in humans. Mol. Metab. 50, 101122. doi:10.1016/j.
molmet.2020.101122

Peiseler, M., Schwabe, R., Hampe, J., Kubes, P., Heikenwälder, M., and Tacke, F.
(2022). Immune mechanisms linking metabolic injury to in�ammation and �brosis in
fatty liver disease - novel insights into cellular communication circuits. J. Hepatol. 77 (4),
1136–1160. doi:10.1016/j.jhep.2022.06.012

Petta, S., Targher, G., Romeo, S., Pajvani, U. B., Zheng, M. H., Aghemo, A., et al.
(2024). The �rst MASH drug therapy on the horizon: current perspectives of
resmetirom. Liver Int. 44 (7), 1526–1536. doi:10.1111/liv.15930

Ponugoti, B., Kim, D. H., Xiao, Z., Smith, Z., Miao, J., Zang, M., et al. (2010).
SIRT1 deacetylates and inhibits SREBP-1C activity in regulation of hepatic lipid
metabolism. J. Biol. Chem. 285 (44), 33959–33970. doi:10.1074/jbc.M110.122978

Prestianni, L., Espinal, E. R., Hathcock, S. F., Vollmuth, N., Wang, P., Holler, R. A.,
et al. (2023). Synthesis and characterization of quercetin-iron complex nanoparticles for
overcoming drug resistance. Pharmaceutics 15 (4), 1041. doi:10.3390/
pharmaceutics15041041

Pyun, D., Kim, T. J., Park, S. Y., Lee, H. J., Abd El-Aty, A. M., Jeong, J. H., et al. (2021).
Patchouli alcohol ameliorates skeletal muscle insulin resistance and NAFLD via AMPK/
SIRT1-mediated suppression of in�ammation. Mol. Cell. Endocrinol. 538, 111464.
doi:10.1016/j.mce.2021.111464

Qin, T., Rasul, A., Sarfraz, A., Sarfraz, I., Hussain, G., Anwar, H., et al. (2019).
Salvianolic acid A and B: potential cytotoxic polyphenols in battle against cancer via
targeting multiple signaling pathways. Int. J. Biol. Sci. 15 (10), 2256–2264. doi:10.7150/
ijbs.37467

Rauf, A., Abu-Izneid, T., Imran, M., Hemeg, H. A., Bashir, K., Aljohani, A. S. M., et al.
(2023). Therapeutic potential and molecular mechanisms of the multitargeted �avonoid
�setin. Curr. Top. Med. Chem. 23 (21), 2075–2096. doi:10.2174/
1568026623666230710162217

Rauf, A., Patel, S., Imran, M., Maalik, A., Arshad, M. U., Saeed, F., et al. (2018).
Honokiol: an anticancer lignan. Biomed. Pharmacother. 107, 555–562. doi:10.1016/j.
biopha.2018.08.054

Ren, B., Kwah, M. X., Liu, C., Ma, Z., Shanmugam, M. K., Ding, L., et al. (2021).
Resveratrol for cancer therapy: challenges and future perspectives. Cancer Lett. 515,
63–72. doi:10.1016/j.canlet.2021.05.001

Ren, H., Wang, D., Zhang, L., Kang, X., Li, Y., Zhou, X., et al. (2019). Catalpol induces
autophagy and attenuates liver steatosis in Ob/Ob and high-fat diet-induced Obese
mice. Aging (Albany NY) 11 (21), 9461–9477. doi:10.18632/aging.102396

Romero-Gómez, M. (2022). Non-alcoholic steatohepatitis. Med. Clin. Barc. 159 (8),
388–395. doi:10.1016/j.medcli.2022.06.017

Rottiers, V., and Näär, A. M. (2012). MicroRNAs in metabolism and metabolic
disorders. Nat. Rev. Mol. Cell Biol. 13 (4), 239–250. doi:10.1038/nrm3313

Sadasivam, N., Kim, Y. J., Radhakrishnan, K., and Kim, D. K. (2022). Oxidative stress,
genomic integrity, and liver diseases. Molecules 27 (10), 3159. doi:10.3390/
molecules27103159

Sadeghi, M., Dehnavi, S., Asadirad, A., Xu, S., Majeed, M., Jamialahmadi, T., et al.
(2023). Curcumin and chemokines: mechanism of action and therapeutic potential in
in�ammatory diseases. In�ammopharmacology 31 (3), 1069–1093. doi:10.1007/s10787-
023-01136-w

Saiman, Y., Duarte-Rojo, A., and Rinella, M. E. (2022). Fatty liver disease: diagnosis
and strati�cation. Annu. Rev. Med. 73, 529–544. doi:10.1146/annurev-med-042220-
020407

Sakurai, Y., Kubota, N., Yamauchi, T., and Kadowaki, T. (2021). Role of insulin
resistance in MAFLD. Int. J. Mol. Sci. 22 (8), 4156. doi:10.3390/ijms22084156

Saltiel, A. R., and Olefsky, J. M. (2017). In�ammatory mechanisms linking obesity and
metabolic disease. J. Clin. Invest 127 (1), 1–4. doi:10.1172/jci92035

Sangro, P., de la Torre Aláez, M., Sangro, B., and D’Avola, D. (2023). Metabolic
dysfunction-associated fatty liver disease (MAFLD): an update of the recent advances in
pharmacological treatment. J. Physiol. Biochem. 79 (4), 869–879. doi:10.1007/s13105-
023-00954-4

Schlaepfer, I. R., and Joshi, M. (2020). CPT1A-mediated fat oxidation, mechanisms,
and therapeutic potential. Endocrinology 161 (2), bqz046. doi:10.1210/endocr/bqz046

Selvaraj, S., Krishnaswamy, S., Devashya, V., Sethuraman, S., and Krishnan, U. M.
(2014). Flavonoid-metal ion complexes: a novel class of therapeutic agents. Med. Res.
Rev. 34 (4), 677–702. doi:10.1002/med.21301

Seo, J., Kwon, D., Kim, S. H., Byun, M. R., Lee, Y. H., and Jung, Y. S. (2024). Role of
autophagy in betaine-promoted hepatoprotection against non-alcoholic fatty liver
disease in mice. Curr. Res. Food Sci. 8, 100663. doi:10.1016/j.crfs.2023.100663

Sharma, A., Anand, S. K., Singh, N., Dwarkanath, A., Dwivedi, U. N., and Kakkar, P.
(2021). Berbamine induced activation of the SIRT1/LKB1/AMPK signaling axis
attenuates the development of hepatic steatosis in high-fat diet-induced NAFLD
rats. Food Funct. 12 (2), 892–909. doi:10.1039/d0fo02501a

Sharma, A., Anand, S. K., Singh, N., Dwivedi, U. N., and Kakkar, P. (2020). Berbamine
induced AMPK activation regulates mTOR/SREBP-1c axis and Nrf2/ARE pathway to
allay lipid accumulation and oxidative stress in steatotic HepG2 cells. Eur. J. Pharmacol.
882, 173244. doi:10.1016/j.ejphar.2020.173244

Shen, B., Wang, Y., Cheng, J., Peng, Y., Zhang, Q., Li, Z., et al. (2023a). Pterostilbene
alleviated NAFLD via AMPK/mTOR signaling pathways and autophagy by promoting
Nrf2. Phytomedicine 109, 154561. doi:10.1016/j.phymed.2022.154561

Shen, B. Y., Zhao, C. X., Wang, Y., Peng, Y., Cheng, J. Q., Li, Z., et al. (2019b). Aucubin
inhibited lipid accumulation and oxidative stress via Nrf2/HO-1 and AMPK signalling
pathways. J. Cell. Mol. Med. 23 (6), 4063–4075. doi:10.1111/jcmm.14293

Shi, Y., Chen, J., Qu, D., Sun, Q., Yu, Y., Zhang, H., et al. (2024). Ginsenoside Rg(5)
activates the LKB1/AMPK/mTOR signaling pathway and modi�es the gut microbiota to
alleviate nonalcoholic fatty liver disease induced by a high-fat diet. Nutrients 16 (6), 842.
doi:10.3390/nu16060842

Singh, A., Ansari, A., Gupta, J., Singh, H., Jagavelu, K., and Sashidhara, K. V. (2024).
Androsin alleviates non-alcoholic fatty liver disease by activating autophagy and
attenuating de novo lipogenesis. Phytomedicine 129, 155702. doi:10.1016/j.phymed.
2024.155702

Smith, B. K., Marcinko, K., Desjardins, E. M., Lally, J. S., Ford, R. J., and Steinberg, G.
R. (2016). Treatment of nonalcoholic fatty liver disease: role of AMPK. Am.
J. Physiology-Endocrinology Metabolism 311 (4), E730–E740. doi:10.1152/ajpendo.
00225.2016

Spahis, S., Delvin, E., Borys, J. M., and Levy, E. (2017). Oxidative stress as a critical
factor in nonalcoholic fatty liver disease pathogenesis. Antioxid. Redox Signal 26 (10),
519–541. doi:10.1089/ars.2016.6776

Steinberg, G. R., and Hardie, D. G. (2023). New insights into activation and function
of the AMPK. Nat. Rev. Mol. Cell Biol. 24 (4), 255–272. doi:10.1038/s41580-022-
00547-x

Frontiers in Pharmacology frontiersin.org21

Wang et al. 10.3389/fphar.2025.1611400

https://doi.org/10.1186/s13020-021-00528-w
https://doi.org/10.3389/fimmu.2024.1337241
https://doi.org/10.1016/j.yexcr.2024.114173
https://doi.org/10.3390/ijms24076285
https://doi.org/10.3390/ijms24076285
https://doi.org/10.1016/j.fct.2022.113422
https://doi.org/10.1021/acs.jafc.4c08430
https://doi.org/10.1152/ajpgi.00281.2023
https://doi.org/10.1186/s12944-018-0955-6
https://doi.org/10.1016/j.biopha.2021.111344
https://doi.org/10.1002/ddr.21905
https://doi.org/10.1016/j.biopha.2019.108783
https://doi.org/10.3389/fendo.2021.669448
https://doi.org/10.3390/ijms20102419
https://doi.org/10.1111/jfbc.14149
https://doi.org/10.1155/2021/6675762
https://doi.org/10.3390/molecules28041734
https://doi.org/10.1016/j.molmet.2020.101122
https://doi.org/10.1016/j.molmet.2020.101122
https://doi.org/10.1016/j.jhep.2022.06.012
https://doi.org/10.1111/liv.15930
https://doi.org/10.1074/jbc.M110.122978
https://doi.org/10.3390/pharmaceutics15041041
https://doi.org/10.3390/pharmaceutics15041041
https://doi.org/10.1016/j.mce.2021.111464
https://doi.org/10.7150/ijbs.37467
https://doi.org/10.7150/ijbs.37467
https://doi.org/10.2174/1568026623666230710162217
https://doi.org/10.2174/1568026623666230710162217
https://doi.org/10.1016/j.biopha.2018.08.054
https://doi.org/10.1016/j.biopha.2018.08.054
https://doi.org/10.1016/j.canlet.2021.05.001
https://doi.org/10.18632/aging.102396
https://doi.org/10.1016/j.medcli.2022.06.017
https://doi.org/10.1038/nrm3313
https://doi.org/10.3390/molecules27103159
https://doi.org/10.3390/molecules27103159
https://doi.org/10.1007/s10787-023-01136-w
https://doi.org/10.1007/s10787-023-01136-w
https://doi.org/10.1146/annurev-med-042220-020407
https://doi.org/10.1146/annurev-med-042220-020407
https://doi.org/10.3390/ijms22084156
https://doi.org/10.1172/jci92035
https://doi.org/10.1007/s13105-023-00954-4
https://doi.org/10.1007/s13105-023-00954-4
https://doi.org/10.1210/endocr/bqz046
https://doi.org/10.1002/med.21301
https://doi.org/10.1016/j.crfs.2023.100663
https://doi.org/10.1039/d0fo02501a
https://doi.org/10.1016/j.ejphar.2020.173244
https://doi.org/10.1016/j.phymed.2022.154561
https://doi.org/10.1111/jcmm.14293
https://doi.org/10.3390/nu16060842
https://doi.org/10.1016/j.phymed.2024.155702
https://doi.org/10.1016/j.phymed.2024.155702
https://doi.org/10.1152/ajpendo.00225.2016
https://doi.org/10.1152/ajpendo.00225.2016
https://doi.org/10.1089/ars.2016.6776
https://doi.org/10.1038/s41580-022-00547-x
https://doi.org/10.1038/s41580-022-00547-x
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1611400


Sun, H., and Kemper, J. K. (2023). MicroRNA regulation of AMPK in nonalcoholic
fatty liver disease. Exp. Mol. Med. 55 (9), 1974–1981. doi:10.1038/s12276-023-01072-3

Sun, Q. S., Niu, Q., Guo, Y. T., Zhuang, Y., Li, X. N., Liu, J., et al. (2021). Regulation on
citrate in�ux and metabolism through inhibiting SLC13A5 and ACLY: a novel
mechanism mediating the therapeutic effects of curcumin on NAFLD. J. Agric. Food
Chem. 69 (31), 8714–8725. doi:10.1021/acs.jafc.1c03105

Suvarna, R., Shetty, S., and Pappachan, J. M. (2024). Ef�cacy and safety of resmetirom,
a selective thyroid hormone receptor-� agonist, in the treatment of metabolic
dysfunction-associated steatotic liver disease (MASLD): a systematic review and
meta-analysis. Sci. Rep. 14 (1), 19790. doi:10.1038/s41598-024-70242-8

Takaki, A., Kawai, D., and Yamamoto, K. (2013). Multiple hits, including oxidative
stress, as pathogenesis and treatment target in non-alcoholic steatohepatitis (NASH).
Int. J. Mol. Sci. 14 (10), 20704–20728. doi:10.3390/ijms141020704

Tang, R., Li, R., Li, H., Ma, X. L., Du, P., Yu, X. Y., et al. (2021). Design of hepatic
targeted drug delivery systems for natural products: insights into nomenclature revision
of nonalcoholic fatty liver disease. ACS Nano 15 (11), 17016–17046. doi:10.1021/
acsnano.1c02158

Tian, L., Cao, W., Yue, R., Yuan, Y., Guo, X., Qin, D., et al. (2019). Pretreatment with
tilianin improves mitochondrial energy metabolism and oxidative stress in rats with
myocardial ischemia/reperfusion injury via AMPK/SIRT1/PGC-1 alpha signaling
pathway. J. Pharmacol. Sci. 139 (4), 352–360. doi:10.1016/j.jphs.2019.02.008

Tian, R., Yang, J., Wang, X., Liu, S., Dong, R., Wang, Z., et al. (2023). Honokiol acts as
an AMPK complex agonist therapeutic in non-alcoholic fatty liver disease and
metabolic syndrome. Chin. Med. 18 (1), 30. doi:10.1186/s13020-023-00729-5

Tian, X., Ru, Q., Xiong, Q., Wen, R., and Chen, Y. (2020). Catalpol attenuates hepatic
steatosis by regulating lipid metabolism via AMP-activated protein kinase activation.
Biomed. Res. Int. 2020, 6708061. doi:10.1155/2020/6708061

Tomeh, M. A., Hadianamrei, R., and Zhao, X. (2019). A review of curcumin and its
derivatives as anticancer agents. Int. J. Mol. Sci. 20 (5), 1033. doi:10.3390/ijms20051033

Wang, H., Zhou, X. M., Wu, L. Y., Liu, G. J., Xu, W. D., Zhang, X. S., et al. (2020a).
Aucubin alleviates oxidative stress and in�ammation via Nrf2-mediated signaling
activity in experimental traumatic brain injury. J. Neuroin�ammation 17 (1), 188.
doi:10.1186/s12974-020-01863-9

Wang, J., Geng, T. H., Zou, Q. H., Yang, N. R., Zhao, W. Y., Li, Y. T., et al. (2020b).
Lycopene prevents lipid accumulation in hepatocytes by stimulating PPAR� and
improving mitochondrial function. J. Funct. Foods 67, 103857. doi:10.1016/j.jff.2020.
103857

Wang, M. Y., Zhang, S. S., An, M. F., Xia, Y. F., Fan, M. S., Sun, Z. R., et al. (2023).
Neferine ameliorates nonalcoholic steatohepatitis through regulating AMPK pathway.
Phytomedicine 114, 154798. doi:10.1016/j.phymed.2023.154798

Wang, S. W., Sheng, H., Bai, Y. F., Weng, Y. Y., Fan, X. Y., Lou, L. J., et al. (2020c).
Neohesperidin enhances PGC-1�-mediated mitochondrial biogenesis and alleviates
hepatic steatosis in high fat diet fed mice. Nutr. and Diabetes 10 (1), 27. doi:10.1038/
s41387-020-00130-3

Wang, Y., Yu, W., Li, S., Guo, D., He, J., and Wang, Y. (2022b). Acetyl-CoA
carboxylases and diseases. Front. Oncol. 12, 836058. doi:10.3389/fonc.2022.836058

Wang, Y., Zhao, H. L., Li, X., Wang, Q., Yan, M. H., Zhang, H. J., et al. (2019).
Formononetin alleviates hepatic steatosis by facilitating TFEB-Mediated lysosome
biogenesis and lipophagy. J. Nutr. Biochem. 73, 108214. doi:10.1016/j.jnutbio.2019.07.005

Woo, C. C., Kumar, A. P., Sethi, G., and Tan, K. H. (2012). Thymoquinone: potential
cure for in�ammatory disorders and cancer. Biochem. Pharmacol. 83 (4), 443–451.
doi:10.1016/j.bcp.2011.09.029

Wu, J., Wen, L., Liu, X., Li, Q., Sun, Z., Liang, C., et al. (2024). Silybin: a review of its
targeted and novel agents for treating liver diseases based on pathogenesis. Phytother.
Res. 38 (12), 5713–5740. doi:10.1002/ptr.8347

Wu, J. M., Zhaori, G., Mei, L., Ren, X. M., Laga, A. T., and Deligen, B. (2023).
Plantamajoside modulates immune dysregulation and hepatic lipid metabolism in rats
with nonalcoholic fatty liver disease via AMPK/Nrf2 elevation. Kaohsiung J. Med. Sci. 39
(8), 801–810. doi:10.1002/kjm2.12712

Xie, Y., Lei, X., Zhao, G., Guo, R., and Cui, N. (2023). mTOR in programmed cell
death and its therapeutic implications. Cytokine Growth Factor Rev. 71-72, 66–81.
doi:10.1016/j.cytogfr.2023.06.002

Xie, Y., Wei, L., Guo, J., Jiang, Q., Xiang, Y., Lin, Y., et al. (2024). Ginkgolide C
attenuated Western diet-induced non-alcoholic fatty liver disease via increasing AMPK
activation. In�ammation 48, 770–782. doi:10.1007/s10753-024-02086-3

Xu, C., Song, Y., Wang, Z., Jiang, J., Piao, Y., Li, L., et al. (2021a). Pterostilbene
suppresses oxidative stress and allergic airway in�ammation through AMPK/Sirt1 and
Nrf2/HO-1 pathways. Immun. In�amm. Dis. 9 (4), 1406–1417. doi:10.1002/iid3.490

Xu, H., Chen, G. F., Ma, Y. S., Zhang, H. W., Zhou, Y., Liu, G. H., et al. (2020). Hepatic
proteomic changes and Sirt1/AMPK signaling activation by oxymatrine treatment in
rats with non-alcoholic steatosis. Front. Pharmacol. 11, 216. doi:10.3389/fphar.2020.
00216

Xu, J., Ji, J., and Yan, X. H. (2012). Cross-talk between AMPK and mTOR in
regulating energy balance. Crit. Rev. Food Sci. Nutr. 52 (5), 373–381. doi:10.1080/
10408398.2010.500245

Xu, S., Feng, Y., He, W., Xu, W., Xu, W., Yang, H., et al. (2021c). Celastrol in metabolic
diseases: progress and application prospects. Pharmacol. Res. 167, 105572. doi:10.1016/j.
phrs.2021.105572

Xu, Y., Hu, X., Cai, J., Li, Y., Zou, Y., Wang, Y., et al. (2023). Atractylenolide-III
alleviates osteoarthritis and chondrocyte senescence by targeting NF-�B signaling.
Phytother. Res. 37 (10), 4607–4620. doi:10.1002/ptr.7929

Xue, J., Liu, Y., Liu, B., Jia, X., Fang, X., Qin, S., et al. (2024a). Celastrus orbiculatus
thunb. Extracts and celastrol alleviate NAFLD by preserving mitochondrial function
through activating the FGF21/AMPK/PGC-1� pathway. Front. Pharmacol. 15, 1444117.
doi:10.3389/fphar.2024.1444117

Yamaguchi, M. (2012). Role of carotenoid �-cryptoxanthin in bone homeostasis.
J. Biomed. Sci. 19 (1), 36. doi:10.1186/1423-0127-19-36

Yan, J., Wang, C., Jin, Y., Meng, Q., Liu, Q., Liu, Z., et al. (2018). Catalpol ameliorates
hepatic insulin resistance in type 2 diabetes through acting on AMPK/NOX4/PI3K/
AKT pathway. Pharmacol. Res. 130, 466–480. doi:10.1016/j.phrs.2017.12.026

Yan, L. S., Zhang, S. F., Luo, G., Cheng, B. C., Zhang, C., Wang, Y. W., et al. (2022).
Schisandrin B mitigates hepatic steatosis and promotes fatty acid oxidation by inducing
autophagy through AMPK/mTOR signaling pathway. Metabolism 131, 155200. doi:10.
1016/j.metabol.2022.155200

Yang, Y., Qiu, W., Xiao, J. Y., Sun, J., Ren, X., and Jiang, L. X. (2024).
Dihydromyricetin ameliorates hepatic steatosis and insulin resistance via AMPK/
PGC-1� and PPAR�-mediated autophagy pathway. J. Transl. Med. 22 (1), 309.
doi:10.1186/s12967-024-05060-7

Yi, M., Fasina, O. B., Li, Y., Xiang, L., and Qi, J. (2023). Mixture of peanut skin extract,
geniposide, and isoquercitrin improves the hepatic lipid accumulation of mice via
modi�cation of gut microbiota homeostasis and the TLR4 and AMPK signaling
pathways. Int. J. Mol. Sci. 24 (23), 16684. doi:10.3390/ijms242316684

Yin, X., Liu, Z., and Wang, J. (2023). Tetrahydropalmatine ameliorates hepatic
steatosis in nonalcoholic fatty liver disease by switching lipid metabolism via
AMPK-SREBP-1c-Sirt1 signaling axis. Phytomedicine 119, 155005. doi:10.1016/j.
phymed.2023.155005

Yoon, J. H., Kim, M. Y., and Cho, J. Y. (2023). Apigenin: a therapeutic agent for
treatment of skin in�ammatory diseases and cancer. Int. J. Mol. Sci. 24 (2), 1498. doi:10.
3390/ijms24021498

Younossi, Z. M., Golabi, P., Paik, J. M., Henry, A., Van Dongen, C., and Henry, L.
(2023). The global epidemiology of nonalcoholic fatty liver disease (NAFLD) and
nonalcoholic steatohepatitis (NASH): a systematic review. Hepatology 77 (4),
1335–1347. doi:10.1097/hep.0000000000000004

Yu, L., Gong, L., Wang, C., Hu, N., Tang, Y., Zheng, L., et al. (2020). Radix polygoni
multi�ori and its main component emodin attenuate non-alcoholic fatty liver disease in
zebra�sh by regulation of AMPK signaling pathway. Drug Des. Devel Ther. 14,
1493–1506. doi:10.2147/dddt.S243893

Yuan, Z., Lu, X., Lei, F., Sun, H., Jiang, J., Xing, D., et al. (2023a). Novel effect of
p-Coumaric acid on hepatic lipolysis: inhibition of hepatic lipid-droplets. Molecules 28
(12), 4641. doi:10.3390/molecules28124641

Zeng, X. L., Yang, J. N., Hu, O., Huang, J., Ran, L., Chen, M. T., et al. (2019).
Dihydromyricetin ameliorates nonalcoholic fatty liver disease by improving
mitochondrial respiratory capacity and redox homeostasis through modulation of
SIRT3 signaling. Antioxidants and Redox Signal. 30 (2), 163–183. doi:10.1089/ars.2017.7172

Zhang, C., Tong, Q., Liu, K., Mao, T., Song, Y., Qu, Y., et al. (2024). Morroniside
delays the progression of non-alcoholic steatohepatitis by promoting AMPK-Mediated
lipophagy. Phytomedicine 129, 155703. doi:10.1016/j.phymed.2024.155703

Zhang, D., Zhang, Y. H., Wang, Z. L., and Lei, L. (2023a). Thymoquinone attenuates
hepatic lipid accumulation by inducing autophagy via AMPK/mTOR/ULK1-dependent
pathway in nonalcoholic fatty liver disease. Phytotherapy Res. 37 (3), 781–797. doi:10.
1002/ptr.7662

Zhang, J. J., Ma, X. X., and Fan, D. D. (2022a). Ginsenoside CK ameliorates hepatic
lipid accumulation via activating the LKB1/AMPK pathway in vitro and in vivo. Food
and Funct. 13 (3), 1153–1167. doi:10.1039/d1fo03026d

Zhang, L., Li, H. X., Pan, W. S., Khan, F. U., Qian, C., Qi-Li, F. R., et al. (2019a). Novel
hepatoprotective role of leonurine hydrochloride against experimental non-alcoholic
steatohepatitis mediated via AMPK/SREBP1 signaling pathway. Biomed. Pharmacother.
110, 571–581. doi:10.1016/j.biopha.2018.12.003

Zhang, L. X., Li, C. X., Kakar, M. U., Khan, M. S., Wu, P. F., Amir, R. M., et al. (2021a).
Resveratrol (RV): a pharmacological review and call for further research. Biomed.
Pharmacother. 143, 112164. doi:10.1016/j.biopha.2021.112164

Zhang, S. Z., Liang, P. P., Feng, Y. N., Yin, G. L., Sun, F. C., Ma, C. Q., et al. (2022b).
Therapeutic potential and research progress of diosgenin for lipid metabolism diseases.
Drug Dev. Res. 83 (8), 1725–1738. doi:10.1002/ddr.21991

Zhang, W., Chen, H., Xu, Z., Zhang, X., Tan, X., He, N., et al. (2023c). Liensinine
pretreatment reduces in�ammation, oxidative stress, apoptosis, and autophagy to
alleviate sepsis acute kidney injury. Int. Immunopharmacol. 122, 110563. doi:10.
1016/j.intimp.2023.110563

Zhang, Z., Dai, Y., Xiao, Y., and Liu, Q. (2023d). Protective effects of catalpol on
cardio-cerebrovascular diseases: a comprehensive review. J. Pharm. Anal. 13 (10),
1089–1101. doi:10.1016/j.jpha.2023.06.010

Frontiers in Pharmacology frontiersin.org22

Wang et al. 10.3389/fphar.2025.1611400

https://doi.org/10.1038/s12276-023-01072-3
https://doi.org/10.1021/acs.jafc.1c03105
https://doi.org/10.1038/s41598-024-70242-8
https://doi.org/10.3390/ijms141020704
https://doi.org/10.1021/acsnano.1c02158
https://doi.org/10.1021/acsnano.1c02158
https://doi.org/10.1016/j.jphs.2019.02.008
https://doi.org/10.1186/s13020-023-00729-5
https://doi.org/10.1155/2020/6708061
https://doi.org/10.3390/ijms20051033
https://doi.org/10.1186/s12974-020-01863-9
https://doi.org/10.1016/j.jff.2020.103857
https://doi.org/10.1016/j.jff.2020.103857
https://doi.org/10.1016/j.phymed.2023.154798
https://doi.org/10.1038/s41387-020-00130-3
https://doi.org/10.1038/s41387-020-00130-3
https://doi.org/10.3389/fonc.2022.836058
https://doi.org/10.1016/j.jnutbio.2019.07.005
https://doi.org/10.1016/j.bcp.2011.09.029
https://doi.org/10.1002/ptr.8347
https://doi.org/10.1002/kjm2.12712
https://doi.org/10.1016/j.cytogfr.2023.06.002
https://doi.org/10.1007/s10753-024-02086-3
https://doi.org/10.1002/iid3.490
https://doi.org/10.3389/fphar.2020.00216
https://doi.org/10.3389/fphar.2020.00216
https://doi.org/10.1080/10408398.2010.500245
https://doi.org/10.1080/10408398.2010.500245
https://doi.org/10.1016/j.phrs.2021.105572
https://doi.org/10.1016/j.phrs.2021.105572
https://doi.org/10.1002/ptr.7929
https://doi.org/10.3389/fphar.2024.1444117
https://doi.org/10.1186/1423-0127-19-36
https://doi.org/10.1016/j.phrs.2017.12.026
https://doi.org/10.1016/j.metabol.2022.155200
https://doi.org/10.1016/j.metabol.2022.155200
https://doi.org/10.1186/s12967-024-05060-7
https://doi.org/10.3390/ijms242316684
https://doi.org/10.1016/j.phymed.2023.155005
https://doi.org/10.1016/j.phymed.2023.155005
https://doi.org/10.3390/ijms24021498
https://doi.org/10.3390/ijms24021498
https://doi.org/10.1097/hep.0000000000000004
https://doi.org/10.2147/dddt.S243893
https://doi.org/10.3390/molecules28124641
https://doi.org/10.1089/ars.2017.7172
https://doi.org/10.1016/j.phymed.2024.155703
https://doi.org/10.1002/ptr.7662
https://doi.org/10.1002/ptr.7662
https://doi.org/10.1039/d1fo03026d
https://doi.org/10.1016/j.biopha.2018.12.003
https://doi.org/10.1016/j.biopha.2021.112164
https://doi.org/10.1002/ddr.21991
https://doi.org/10.1016/j.intimp.2023.110563
https://doi.org/10.1016/j.intimp.2023.110563
https://doi.org/10.1016/j.jpha.2023.06.010
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1611400


Zhang, Z., Zhong, Y., Han, X., Hu, X., Wang, Y., Huang, L., et al. (2025b).
Schisanhenol inhibits the proliferation of hepatocellular carcinoma cells by targeting
programmed cell death-ligand 1 via the STAT3 pathways. Anticancer Agents Med.
Chem. 25, 697–710. doi:10.2174/0118715206349131241121091834

Zheng, T., Jiang, T., Huang, Z., Ma, H., and Wang, M. (2023). Role of traditional
Chinese medicine monomers in cerebral ischemia/reperfusion injury:a review of the
mechanism. Front. Pharmacol. 14, 1220862. doi:10.3389/fphar.2023.1220862

Zheng, X., Zhang, X. G., Liu, Y., Zhu, L. P., Liang, X. S., Jiang, H., et al. (2021).
Arjunolic acid from Cyclocarya paliurus ameliorates nonalcoholic fatty liver disease in
mice via activating Sirt1/AMPK, triggering autophagy and improving gut barrier
function. J. Funct. Foods 86, 104686. doi:10.1016/j.jff.2021.104686

Zhong, Y., Li, Z., Jin, R., Yao, Y., He, S., Lei, M., et al. (2022). Diosgenin Ameliorated
Type II Diabetes-Associated Nonalcoholic Fatty Liver Disease through Inhibiting de
novo Lipogenesis and Improving Fatty Acid Oxidation and Mitochondrial Function in
Rats. Nutrients 14 (23), 4994. doi:10.3390/nu14234994

Zhou, D. D., Luo, M., Huang, S. Y., Saimaiti, A., Shang, A., Gan, R. Y., et al. (2021).
Effects and mechanisms of resveratrol on aging and age-related diseases. Oxid. Med. Cell
Longev. 2021, 9932218. doi:10.1155/2021/9932218

Zhou, F., Ding, M. N., Gu, Y. Q., Fan, G. F., Liu, C. Y., Li, Y. J., et al. (2022). Aurantio-
obtusin attenuates non-alcoholic fatty liver disease through AMPK-mediated
autophagy and fatty acid oxidation pathways. Front. Pharmacol. 12, 826628. doi:10.
3389/fphar.2021.826628

Zhou, R., Wang, L., Xu, X., Chen, J., Hu, L. H., Chen, L. L., et al. (2013). Danthron
activates AMP-Activated protein kinase and regulates lipid and glucose
metabolism in vitro. Acta Pharmacol. Sin. 34 (8), 1061–1069. doi:10.1038/aps.
2013.39

Zhu, J., Chen, H., Le, Y., Guo, J., Liu, Z., Dou, X., et al. (2022). Salvianolic acid A
regulates pyroptosis of endothelial cells via directly targeting PKM2 and ameliorates
diabetic atherosclerosis. Front. Pharmacol. 13, 1009229. doi:10.3389/fphar.2022.
1009229

Zhu, J., Guo, J., Liu, Z., Liu, J., Yuan, A., Chen, H., et al. (2024). Salvianolic acid A
attenuates non-alcoholic fatty liver disease by regulating the AMPK-IGFBP1 pathway.
Chem. Biol. Interact. 400, 111162. doi:10.1016/j.cbi.2024.111162

Zhu, X., Bian, H., Wang, L., Sun, X., Xu, X., Yan, H., et al. (2019). Berberine attenuates
nonalcoholic hepatic steatosis through the AMPK-SREBP-1c-SCD1 pathway. Free
Radic. Biol. Med. 141, 192–204. doi:10.1016/j.freeradbiomed.2019.06.019

Frontiers in Pharmacology frontiersin.org23

Wang et al. 10.3389/fphar.2025.1611400

https://doi.org/10.2174/0118715206349131241121091834
https://doi.org/10.3389/fphar.2023.1220862
https://doi.org/10.1016/j.jff.2021.104686
https://doi.org/10.3390/nu14234994
https://doi.org/10.1155/2021/9932218
https://doi.org/10.3389/fphar.2021.826628
https://doi.org/10.3389/fphar.2021.826628
https://doi.org/10.1038/aps.2013.39
https://doi.org/10.1038/aps.2013.39
https://doi.org/10.3389/fphar.2022.1009229
https://doi.org/10.3389/fphar.2022.1009229
https://doi.org/10.1016/j.cbi.2024.111162
https://doi.org/10.1016/j.freeradbiomed.2019.06.019
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2025.1611400


Glossary

MAFLD metabolic dysfunction-associated fatty liver disease

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

IR insulin resistance

AMPK AMP-activated protein kinase

DNL de novo lipogenesis

FAO fatty acid oxidation

FXR farnesoid x receptor

PPAR peroxisome proliferator-activated receptor

THR thyroid hormone receptor

TG triglycerides

ACLY ATP-citrate lyase

ACC acetyl-CoA carboxylase

LKB1 liver kinase B1

CPT1 Carnitine palmitoyltransferase 1

ATGL adipose triglyceride lipase

HSL hormone-sensitive lipase

mTOR mammalian target of rapamycin

LC3 light chain 3

PGC-1� peroxisome proliferator-activated receptor gamma coactivator 1-alpha

PPAR� peroxisome proliferator-activated receptor alpha

OS oxidative stress

ROS reactive oxygen species

HCC hepatocellular carcinoma

Nrf2 nucleus factor erythroid 2-related factor 2

ER endoplasmic reticulum

UPR unfolded protein response

SCD1 stearoyl-CoA desaturase 1

UCP2 uncoupling protein 2

TAK1 transforming growth factor-�-activated kinase 1

CaMKK� calmodulin-dependent protein kinase �

LepR leptin receptor

IRS-1 insulin receptor substrate-1

AKT protein kinase B

NRF-1 nuclear respiratory factor-1

STRAD STE20-related adapter

PLIN2 perilipin 2

CMA chaperone-mediated autophagy

Drp1 dynamin-related protein 1

PINK1 PTEN-induced kinase 1

IGF1 insulin-like growth factors 1

IGF2 insulin-like growth factors 2

IGFBPs IGF-binding proteins

CTRP3 C1q/tumor necrosis factor-related protein-3

PI3K phosphatidylinositol 3-kinase

RXR retinoid X receptor

BCO1 �-Carotene-15,15�-oxygenase

BCO2 �-carotene-9�,10�-oxygenase

TFEB transcription Factor EB
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