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A B S T R A C T

Ethnopharmacological relevance: Ganoderic acid A (GAA, C30H44O7) is one of the most abundant and active 
components of Ganoderic acids (GAs). GAs are highly oxidized tetracyclic triterpenoid compounds mainly 
derived from Ganoderma lucidum (Curtis) P. Karst (Chinese: 灵芝). GAA is primarily isolated from the fruiting 
body of Ganoderma lucidum. Modern pharmacological investigations have established the broad pharmacological 
effects of GAA, highlighting its notable influence on managing various conditions, including inflammatory dis
eases, neurodegenerative diseases, and cancer. This review provides a comprehensive summary of GAA’s 
pharmacological activities.
Material and methods: The literature in this review were searched in PubMed and China National Knowledge 
Infrastructure (CNKI) using the keywords "Ganoderic acid A″, "Pharmacology" and "Pharmacokinetics". The 
literature cited in this review dates from 2000 to 2024.
Results: According to the data, GAA exerts anti-inflammatory, antioxidant, antitumor, neuro
psychopharmacological, hepatoprotective, cardiovascular, renoprotective, and lung protective effects by regu
lating a variety of signal transduction pathways, such as nuclear factor kappa-B (NF-κB), Janus kinase/signal 
transducer and activator of transcription (JAK/STAT), Toll-like receptor 4 (TLR4), nuclear factor erythroid 2- 
related factor-2 (Nrf2), phosphoinositide-3-kinase (PI3K)/AKT, mammalian target of rapamycin (mTOR), 
mitogen-activated protein kinase (MAPK), and Notch. Given its promising pharmacological activity, GAA holds 
excellent potential for treating human diseases. The pharmacokinetic properties of GAA have also been reviewed, 
revealing low bioavailability but high absorption and elimination rates. In addition, network pharmacology and 
molecular docking analyses verified that GAA plays a role in multiple diseases through MAPK3, tumor necrosis 
factor (TNF), caspase-3 (CASP3), peroxisome proliferator-activated receptor gamma (PPARG), and β-catenin 
(CTNNB1) signaling pathways.
Conclusion: GAA plays a pivotal role in various pathological and physiological processes, boasting broad appli
cation prospects. Furthermore, the network pharmacological results reveal the mechanisms of GAA in the 
treatment of multiple diseases. In the future, it is necessary to conduct further experiments to elucidate its 
specific mechanism of action, thus laying the foundation for the scientific utilization of GAA.
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Abbreviations

AMPA α-amino-3-hydroxy-5- 
methyl-4-isoxazole- 
propionic acid

FD functional dyspepsia

AMPK AMP-activated protein 
kinase

FXR farnesoid X receptor

AP-1 activator protein-1 GAA ganoderic acid A
AS atherosclerosis GAs ganoderic acids
AST aspartate aminotransferase GBM glioblastoma
ATG5 autophagy-related proteins 

5
GO Gene Ontology

AUC area under the curve GPX glutathione peroxidase
Axl Axl receptor tyrosine 

kinase
GSH glutathione

Aβ amyloid-β H2O2 hydrogen peroxide
Bax Bcl-2-associated X HCC human hepatocellular 

carcinoma
Bcl-2 B-cell lymphoma 2 HDL-C high-density lipoprotein 

cholesterol
BDNF brain-derived 

neurotrophic factor
HFD high-fat diet

BIM Bcl-2-like protein 11 HLA human leukocyte antigen
BP biological process ICAD inhibitor of caspase- 

activated DNase
CASP3 caspase-3 IL interleukin
CaSR calcium-sensing receptor iNOS inducible nitric oxide 

synthase
CC cellular component IκBα inhibitor of κB α
CCl4 carbon tetrachloride JAK Janus kinase
CD36 cluster of differentiation 

36
JNK c-Jun N-terminal kinase

Cdks cyclin-dependent kinases KEGG Kyoto Encyclopedia of 
Genes and Genomes

CIA collagen-induced 
rheumatoid arthritis

LC3 microtubule-associated 
Protein 1 Light Chain 3

circFLNA circRNA flamin A LDH lactate dehydrogenase
CK creatine kinase isoenzyme LPS lipopolysaccharide
CKIs cyclin-dependent kinase 

inhibitors
LRRK2 leucine-rich repeat protein 

kinase-2
Cmax peak drug concentration MAPK mitogen-activated protein 

kinase
CNKI China National Knowledge 

Infrastructure
Mcl-1 myeloid leukemia-1

COVID- 
19

coronavirus disease 2019 MDA malondialdehyde

COX-2 cyclooxygenase 2 MF molecular function
CREB cAMP-response element- 

binding protein
MIR myocardial ischemia- 

reperfusion
CTNNB1 β-catenin MMP matrix metalloproteinase
CYP1A1 cytochrome P450 family 1 

subfamily A member 1
MPO myeloperoxidase

CYP450s cytochrome p450s MS multiple sclerosis
DDP cisplatin mTOR mammalian target of 

rapamycin
DNA- 

PKcs
DNA-dependent protein 
kinase catalytic subunit

MyD88 Myeloid differentiation 
factor 88

EBV Epstein-Barr virus NAFLD non-alcoholic fatty liver 
disease

ECM extracellular matrix NASH non-alcoholic 
steatohepatitis

ER endoplasmic reticulum NDRG2 N-myc downstream- 
regulated gene 2

NF-κB nuclear factor kappa-B SH src homology
NGF nerve growth factor Smad3 mothers against 

decapentaplegic homolog 3
NLRP3 nucleotide-binding 

domain leucine-rich repeat 
pyrin domain containing 3

SOCS1 suppressor of cytokine 
signaling 1

NO nitric oxide SOD superoxide dismutase
NP nucleus pulposus SR scavenger receptors
NR3C1 nuclear receptor subfamily 

3 group C member 1
SR-A SR class A

Nrf2 nuclear factor erythroid 2- 
related factor-2

SREBP sterol regulatory element- 
binding protein

OPG osteoprotegerin STAT signal transducer and 
activator of transcription
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Abbreviations

ox-LDL oxidized low-density 
lipoprotein

t1/2 half-life

PADI4 peptidyl arginine 
deiminase type IV

TBIL total bilirubin

Pak1 CDC42-activated kinase 1 TC cholesterol
PARP poly(ADP ribose) 

polymerase
TCM traditional Chinese 

medicine
PD Parkinson’s disease TG triglyceride
pG4DNA parallel G-quadruplex 

DNA
TGF-β transforming growth factor- 

β
PGC-1α peroxisome proliferator- 

activated receptor γ 
coactivator 1-α

TGL triterpenoids of Ganoderma 
lucidum

PGE2 prostaglandin E2 Th17 T helper 17
PI3K phosphoinositide-3-kinase TLR4 Toll-like receptor 4
PPARG peroxisome proliferator- 

activated receptor gamma
Tmax time to peak concentration

PPARγ peroxisome proliferator- 
activated receptor gamma

TNF tumor necrosis factor

PPI protein-protein interaction Treg regulatory T
PPRE PPAR-responsive element Trx thioredoxin
PSD post-stroke depression Txnip Trx interaction protein
RA rheumatoid arthritis UFLC- 

MS/MS
ultra-fast liquid 
chromatography-tandem 
mass spectrometry

RANKL receptor activator of 
nuclear factor kappa- B 
ligand

uPA urokinase-type 
plasminogen activator

RB retinoblastoma protein UPLC- 
MS/MS

ultra-high performance 
liquid chromatography- 
tandem mass spectrometry

RhoA ras homolog family 
member A

UVB ultraviolet radiation B

ROCK Rho-associated protein 
kinase

W/D wet dry weight

ROS reactive oxygen species XRCC1 X-ray repair cross- 
complementing 1

RXR retinoid X receptor ​ ​
SARS- 

CoV-2
severe acute respiratory 
syndrome coronavirus 2

​ ​

1. Introduction

Ganoderma lucidum (Curtis) P. Karst, commonly known as Lingzhi, is 
an extensively used medicinal substance in China, highly valued for its 
therapeutic benefits. Its medicinal properties have been recorded in 
several ancient texts, including the Shen Nong Ben Cao Jing (Shennong 
Materia Medica) and Ben Cao Gang Mu (Compendium of Materia 
Medica) (Lin, 2019). Ganoderma lucidum comprises two parts: the 
mycelium and the fruiting body. It includes various active compounds, 
such as polysaccharides, triterpenoids, sterols, adenosine, and amino 
acids (Gong et al., 2019). Active ingredients play a significant role in the 
human body. With further research, it has been discovered that the 
active substances found in Ganoderma lucidum have various benefits 
such as immunoregulation, anti-inflammatory, anti-oxidative, anti
tumor, anti-atherosclerotic, hypolipidemic, anti-fibrotic, hep
atoprotective, and other positive effects (Sanodiya et al., 2009). 
Ganoderic acids (GAs) are the main bioactive triterpenoid compound 
with high medicinal value in Ganoderma lucidum. There are about 171 
known GAs (Baby et al., 2015), among which Ganoderic acids A, B, C2, 
D, DM, F, H, S, X, and Y are the compounds that exhibit the main bio
logical activities in GAs (He et al., 2023; Liang et al., 2019).

Ganoderic acid A (GAA), one of the major triterpene constituents in 
Ganoderma lucidum, is the most abundant and biologically active form of 
GAs, which has garnered significant attention from researchers due to its 
superior pharmacological potential compared to other classes of GAs 
(Ma et al., 2021). In recent years, there has been extensive research on 
the pharmacological effects of GAA. Results from these studies have 
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revealed that GAA possesses multiple beneficial properties, including 
anti-inflammatory, antioxidant, antitumor, neuro
psychopharmacological, hepatoprotective, cardiovascular, renopro
tective, and lung protective effects (Jiang et al., 2018; Meng et al., 2020; 
Wan et al., 2019; Xu et al., 2019; Y.G. Yang et al., 2018; Zhang et al., 
2020, 2021; Zheng et al., 2022). As a result, GAA may hold promise as a 
potential drug candidate for the treatment of various diseases, including 
inflammatory diseases, neoplastic diseases, and neurological disorders 
such as Alzheimer’s disease (AD), epilepsy, and depression.

However, despite the growing body of research on GAA, there is 
currently a lack of systematic review on its pharmacological properties 
and pharmacokinetic characteristics. To address this gap, this paper 
aims to conduct a comprehensive and systematic summary of the 
pharmacological activities, mechanisms of action, and pharmacokinetic 
properties of GAA, based on literature from the last 24 years, from 2000 
to 2024, retrieved from the China National Knowledge Infrastructure 
(CNKI) and PubMed databases. In addition, proteins or genes and their 
associated signaling pathways that contribute to the disease-fighting 
capabilities of GAA were collected for protein-protein interaction (PPI) 
analysis. This was complemented by molecular docking studies 
involving proteins (or genes) with significant connectivity and GAA, 
along with bioinformatics assessments encompassing Gene Ontology 
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrich
ment analyses. These approaches are expected to generate innovative 
concepts for future studies and potentially enhance the pharmaceutical 
development of GAA, offering fresh perspectives for its investigative 
exploration.

2. Physical and chemical properties of GAA

GAA (C30H44O7, Fig. 1) is a triterpenoid mainly present in Gano
derma lucidum and is one of the most common GAs (Ahmad et al., 2022; 
Liang et al., 2019). Its basic skeleton is a highly oxidized lanostane-type 
tetracyclic triterpenoid structure. Lanostane-type triterpenoids are a 
class of natural compounds with specific skeletons. These compounds 
exhibit a range of biological effects within living organisms, such as 
anti-inflammatory, antioxidant, and antitumor properties. As a repre
sentative of this class of compounds, GAA contains multiple hydroxyl 
(-OH) and carbonyl (C=O) functional groups in its structure, which give 
GAA its diverse biological activities (Gill et al., 2017; Liang et al., 2019; 
Yao et al., 2019). The polycyclic structure and the presence of double 
bonds in the molecular structure of GAA lead to its high degree of 
unsaturation, which may be one of the reasons for its biological activity 
(Gill et al., 2016a, 2019). Specific chiral centers in the GAA molecule, 
such as the hydroxyl groups at positions C-7 and C-15, exist in an α 
configuration, while the carbonyl groups at C-11 and C-23 exhibit spe
cific stereochemical features. GAA appears as a white or off-white 
powder with a molecular mass of 516.673 and a specific gravity of 
1.22 g/cm3. A summary of its physicochemical attributes can be found in 

Table 1.

3. Pharmacological activities of GAA

Numerous investigations have shown that GAA manifests a spectrum 
of pharmacological effects by modulating multiple signaling pathways, 
including the nuclear factor kappa-B (NF-κB), Janus kinase/signal 
transducer and activator of transcription (JAK/STAT), TLR4, nuclear 
factor erythroid 2-related factor-2 (Nrf2), phosphoinositide-3-kinase 
(PI3K)/AKT, and mitogen-activated protein kinase (MAPK).

3.1. Anti-inflammatory activity of GAA

Inflammation is a natural process that helps the body fight off foreign 
pathogens and maintain equilibrium. It serves as a protective response 
to infection, injury, or irritation and plays a crucial role in restoring 
damaged tissue structure and function (Medzhitov, 2008; Tracey, 2002). 
The inflammatory response typically involves several components, 
including inducers, pattern recognition receptors, inflammatory medi
ators, and target tissues, each of which plays a distinct role in the in
flammatory pathway. When our body experiences an inflammatory 
response that lasts for a long time, it can lead to tissue dysfunction, 
which may eventually develop into a chronic disease (Medzhitov, 2010). 

Fig. 1. 2D structure diagram and 3D optimized structure of GAA (PubChem CID: 471002).

Table 1 
Physical and chemical properties of GAA.

Name Ganoderic acid A
Alias lanost-8-en-26-oic acid, 7, 15-dihydroxy-3, 11, 23-trioxo-, 

(7b,15a,25R)-
Source Ganoderma
CAS No 81907-62-2
Molecular formula C30H44O7

Molecular weight 516.673
Form Powder
Color White to off-white
Density 1.22
Melting point 118~123 ◦C
Boiling point 690.1 ± 55.0 ◦C at 760 mmHg
Refractive index 1.565
Solubility DMSO: soluble 62.5 mg/mL, Ethanol: soluble≥50 mg/mL
Flash point 385.1 ◦C
Vapor pressure 0.0 ± 4.9 mmHg at 25 ◦C
Polar surface area 129 Å2

LogP 2.18
pKa 4.78 ± 0.23 (Predicted)
Polarizability 54.4 ± 0.5*10− 24 cm3

Enthalpy of 
vaporization

115.7 ± 6.0 kJ/mol

Surface tension 53.2 ± 5.0 dyne/cm
Molar refractivity 137.2 ± 0.4 cm3

Molar volume 421.5 ± 5.0 cm3

Storage conditions 4 ◦C, sealed storage, away from moisture and light (In 
solvent: − 80 ◦C, 2 years; − 20 ◦C, 1 year)
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Therefore, pursuing drugs that can diminish inflammation has gained 
much attention in research. Several experimental studies have demon
strated that GAA has therapeutic properties in different models of 
inflammation (Cao et al., 2020; Lu et al., 2021; Wu et al., 2022). To 
elaborate, the signaling pathways typically associated with GAA treat
ment for inflammation are briefly outlined below.

NF-κB is a group of nuclear protein factors that play a significant role 
in regulating gene expression. These factors are essential for the tran
scriptional regulation of genes involved in a wide range of biological 
processes, such as the inflammatory response, cellular proliferation, 
differentiation, apoptosis, immune response, and tumorigenesis 
(Hayden et al., 2006; Oh and Ghosh, 2013). The activity of NF-κB in cells 
is strictly regulated. If NF-κB activation goes out of control, it can disrupt 
the body’s balance and lead to the development of various conditions, 
including cancers, neurodegenerative diseases, telangiectasia, chronic 
inflammation, and autoimmune diseases (Bonizzi and Karin, 2004; 
Karin and Greten, 2005). Therefore, studying the regulation mechanism 
of NF-κB activity is essential for understanding the basic theory of cell 
signal transduction and developing new treatments for related diseases 
(Hayden and Ghosh, 2008). In the collagen-induced rheumatoid 
arthritis (CIA) model, GAA (20 and 40 mg/kg) can inhibit the NF-κB 
signaling pathway and reduce the levels of tumor necrosis factor 
(TNF)-α, interleukin (IL)-6, and IL-1β in serum and synovium, thus 
playing a therapeutic role in rheumatoid arthritis (RA) (Cao et al., 
2020). In human nucleus pulposus (NP) cells induced by IL-1β, GAA 
(6.25, 12.5, and 25 μM) reduces inflammation by inhibiting the NF-κB 
pathway. It also suppresses the levels of nitric oxide (NO), prostaglandin 
E2 (PGE2), inducible nitric oxide synthase (iNOS), cyclooxygenase 2 
(COX-2), TNF-α, and IL-6 in cells (Zheng et al., 2022). At the same time, 
GAA inhibited the expression of matrix metalloproteinase (MMP)-3 and 
MMP-13 and promoted the expression levels of extracellular matrix 
(ECM) proteins, collagen II, and aggrecan, thereby reducing ECM 
degradation in NP cells (Zheng et al., 2022). Another experimental study 
showed that GAA (25 and 50 μM) plays an anti-inflammatory role in 
osteoarthritis by inhibiting the up-regulation of p65 phosphorylation 
and the down-regulation of inhibitor of κB α (IκBα), inhibiting the 
activation of the NF-κB pathway, reducing the expression of COX-2 and 
iNOS, and inhibiting endoplasmic reticulum (ER) stress (Liu et al., 
2024). GAA can also protect chondrocytes from apoptosis by increasing 
the level of anti-apoptotic proteins B-cell lymphoma 2 (Bcl-2) and 
inhibiting the expression of pro-apoptotic proteins Bcl-2-associated X 
(Bax) and caspase-3 induced by IL-1β (Liu et al., 2024). In addition, in 
the destabilization of the medial meniscus model, GAA can inhibit the 
secretion of MMP-13 by regulating the receptor activator of nuclear 
factor kappa-В ligand (RANKL)/osteoprotegerin (OPG) ratio, thereby 
improving osteoarthritis (Wu et al., 2022).

The molecular complex formed by TLR4 and NF-κB is an important 
signaling pathway that regulates the expression of various cytokines and 
mediates the immune response to pathogens (Medvedev, 2013). Acti
vation of TLR signaling pathways further promotes downstream NF-κB 
signaling (Kawai and Akira, 2007). Experimental studies have shown 
that in the mouse asthma model established in vitro by ovalbumin, GAA 
(20 and 40 mg/kg) down-regulates the levels of TLR4, Myeloid differ
entiation factor 88 (MyD88), and p-NF-κB in lung tissue by inhibiting the 
TLR/NF-κB signaling pathway, and reduces the expression of IL-4, IL-5, 
and IL-13, thus alleviating lung inflammation in asthmatic mice (Lu 
et al., 2021). In cells of the NP induced by hydrogen peroxide (H2O2), 
GAA (4 and 8 μM) prevents H2O2-induced apoptosis, oxidative stress, 
and inflammation by inhibiting the TLR4/nucleotide-binding domain 
leucine-rich repeat pyrin domain containing 3 (NLRP3) signaling 
pathway. This effect was demonstrated by a decrease in the levels of 
inflammatory cytokines IL-1β, IL-6, and TNF-α, as well as a decrease in 
the levels of matrix-degrading proteases (MMP-3, MMP-13, ADAMTS4, 
and ADAMTS5), and an increase in the expression levels of collagen II 
and aggrecan (Wang et al., 2022).

The JAK/STAT signaling pathway is a fundamental regulatory 

mechanism controlling gene transcription in various biological pro
cesses, including inflammation (Leonard and O’Shea, 1998). This 
pathway is initiated by JAKs in response to extracellular signal activa
tion, which phosphorylates and activates STATs (Boyle et al., 2015). The 
JAK/STAT signaling pathway has become a promising therapeutic 
target for inflammatory treatment interventions. In the CIA mouse 
model, GAA (20 and 40 mg/kg) significantly reduced the levels of 
P-STAT3 and suppressor of cytokine signaling 1 (SOCS1), regulating the 
JAK/STAT signaling pathway by down-regulating the expression of 
P-JAK3 and P-STAT3 proteins, thereby improving RA (Cao et al., 2020).

Taken together, GAA exerts significant anti-inflammatory activity by 
regulating the involvement of NF-κB, TLR4, JAK/STAT signaling 
pathway, and inflammatory cytokines, making it a valuable therapeutic 
option for inflammation-related diseases. While preclinical evidence is 
promising, further studies are needed to validate its efficacy and safety 
in clinical settings, particularly for conditions like RA and osteoarthritis. 
Future research should also explore optimal dosing and potential syn
ergies with existing therapies.

3.2. Antioxidant activity of GAA

Its antioxidant effect is another important biological property of 
GAA, helping to combat oxidative stress. Oxidative stress results from an 
imbalance between intracellular oxides and the body’s ability to 
neutralize their hazardous effects. Various risk factors often trigger this 
imbalance and can damage the body’s biological system (Valko et al., 
2006). Specifically, oxides mainly refer to reactive oxygen species 
(ROS), which are generally produced by the body’s regular metabolism. 
They can kill harmful microorganisms in the body, participate in the 
body’s immune process, and also participate in signal transduction as 
intracellular second messengers to maintain the normal function of tis
sues and cells (Forrester et al., 2018). However, when the production 
rate is greater than the clearance rate, excessive or persistent ROS 
accumulation in the body can cause various adverse biological reactions, 
leading to the occurrence of diseases(Yang and Lian, 2020). Two main 
antioxidant systems rely on the presence of thiol groups: the glutathione 
(GSH) antioxidant system and the thioredoxin (Trx) antioxidant system. 
Both systems possess protective mechanisms to safeguard the body 
against oxidative stress, which induces cellular and tissue damage 
(Georgiou-Siafis and Tsiftsoglou, 2023; Lu and Holmgren, 2014).

Experimental studies have shown that GAA reduces oxidative stress 
levels in prostate cancer cells by inhibiting the activation of the STAT3 
pathway through binding to the src homology (SH) 2 domain of STAT3. 
In addition, GAA exerts antioxidant effects by up-regulating the 
expression of antioxidant enzymes (SOD1, SOD2, and SOD3) and 
inhibiting ROS and DPPH (Gill et al., 2016a). The Nrf2 signaling 
pathway plays a crucial role in protecting our body against free radicals 
by activating various antioxidant genes (Lacher et al., 2015). Imbalances 
in free radical scavenging are known to cause several diseases (Liu et al., 
2022). It has been reported that GAA effectively inhibits cellular pro
liferation, reduces ROS levels, and down-regulates mRNA expression of 
Nrf2. When cells were treated with H2O2, it increased free radicals, but 
GAA (20, 50, and 80 μM) could scavenge free radicals and improve 
antioxidant capacity in a dose-dependent manner (Gill et al., 2017). In 
human neuroblastoma cells (IMR-32), GAA (20, 50, and 80 μM) scav
enges free radicals induced by H2O2 and enhances antioxidant capacity 
in a dose-dependent manner (Gill et al., 2019). Another experimental 
study found that GAA reduced oxidative stress in NP cells by inhibiting 
H2O2-induced depletion of GSH, superoxide dismutase (SOD), and 
glutathione peroxidase (GPX) (Wang et al., 2022). In addition, GAA can 
significantly increase the SOD activity of hippocampal neurons in the 
epilepsy model, stabilize mitochondrial membrane potential, reduce the 
damage caused by oxidative stress, and inhibit the apoptosis process, 
thereby playing an antioxidant role (Jiang et al., 2018).

In conclusion, GAA demonstrates significant antioxidant properties 
by mitigating oxidative stress through mechanisms such as STAT3 
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pathway inhibition, up-regulation of antioxidant enzymes, and activa
tion of the Nrf2 signaling pathway. Its ability to scavenge free radicals 
and stabilize mitochondrial function underscores its potential thera
peutic value in addressing oxidative stress-related diseases. However, 
further research is essential to fully elucidate its mechanisms and 
explore its clinical applications.

3.3. Antitumor activity of GAA

Tumors are atypical cell clusters within the body that can either be 
non-cancerous or cancerous. Cancerous tumors rank as the second most 
common cause of mortality globally (Siegel et al., 2019). Due to the 
increasing prevalence of cancer worldwide, it is imperative to explore 
the development of prospective medications capable of efficiently 
addressing and inhibiting tumor formation and advancement. Recently, 
increasing attention has been given to the antitumor effects of GAA. GAA 
exhibits antitumor effects against a spectrum of tumor types, encom
passing breast cancer, osteosarcoma, glioblastoma (GBM), meningioma, 
liver cancer, lung cancer, and nasopharyngeal cancer. A multitude of 
research has validated that GAA primarily exerts its antitumor effects 
through the inhibition of cell growth and proliferation (Yang et al., 
2018), inducing cell cycle arrest (Wang et al., 2017), inducing cell 
apoptosis (Cheng and Xie, 2019), and inhibiting cell migration and in
vasion (Jiang et al., 2008). A synopsis of the principal cellular signaling 
pathways and associated proteins that contribute to the antitumor ef
fects of GAA is depicted in Fig. 2.

3.3.1. Inhibition of cell growth and proliferation
Malignant tumors are characterized by their swift expansion and 

multiplication, which underpins the progression of cancer. Conse
quently, limiting the growth and proliferation of these tumor cells can 
significantly impede the advancement of cancer. GAA has an inhibitory 
effect on cell proliferation in a variety of cancer types. GAA can inhibit 
the proliferation, viability, and ROS levels in lung and liver cancer cells 

(Gill et al., 2016b, 2017). Studies have reported that GAA can inhibit 
tumor growth and proliferation by down-regulating the expression of 
STAT3 in prostate cancer cells (PC-3) (Gill et al., 2016a). GAA can also 
inhibit the proliferation and viability of neuroblastoma by 
down-regulating the expression of Notch-1 mRNA (Gill et al., 2019). 
Molecular docking showed that GAA targeted β-catenin in the Wnt 
signaling pathway and inhibited the proliferation, viability, and intra
cellular ROS in pancreatic cancer RIN-5F cells in a dose-dependent 
manner (Gill et al., 2018). In addition, studies have proven that 
inducing cell cycle arrest and inducing apoptosis can effectively inhibit 
the proliferation and growth of cancer cells (Das et al., 2020; Radwan 
et al., 2015; Yao et al., 2012).

3.3.1.1. Induction of cell cycle arrest. The irregular disruption of cell 
cycle regulation is a crucial factor in the evolution of tumors, and halting 
the cell cycle can directly impede cell growth. As a result, cell cycle 
arrest serves as a means to inhibit tumor growth (Schwartz and Shah, 
2005).

Many molecules related to cell cycle regulation can be divided into 
three categories: cyclin-dependent kinases (Cdks), cyclins, and small 
cyclin-dependent kinase inhibitors (CKIs). Existing studies have found 
that GAA-induced cell cycle arrest involves the first two classes. The cell 
cycle’s orchestration is governed by an array of genes, with Cdks at the 
heart of this regulatory framework. Cdks function as positive regulatory 
elements within the cell cycle control system. Activated Cdks exhibit 
protein kinase activity and initiate or regulate major cell cycle events by 
phosphorylating different substrate proteins. The abnormal expression 
of cyclins combines with Cdks to form a complex, leading to continuous 
activation of Cdks, abnormal cell cycle activity, dysregulation, and ul
timately uncontrolled cell proliferation and tumor formation (Lim and 
Kaldis, 2013). Experimental studies indicate that GAA (0.10, 0.25, and 
0.50 mM) may curtail the proliferation of breast cancer cells by dis
rupting the cell cycle progression. It does so by down-regulating the 
expression of Cdk4, which inhibits the formation of the cyclin D1/Cdk4 

Fig. 2. A summary of the major cell signaling pathways and related proteins involved in the antitumor activity of GAA.
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complex. This eventually leads to cell cycle inhibition, causing the cells 
to remain at the G0/G1 phase, thus preventing cell proliferation. Spe
cifically, GAA blocks the cell cycle of MDA-MB-231 cells at G0/G1, 
thereby hindering their growth (Jiang et al., 2008). Another experi
mental study showed that GAA (0.1, 0.2, and 0.4 mmol/L) inhibited the 
growth of MDA-MB-231 cells by inducing cell cycle arrest at the G0/G1 
phase through up-regulating the expression of p27 and p21 and 
down-regulating the expression of cyclin D1 (Yang et al., 2018). 
Furthermore, GAA (75 and 100 μmol/L) was found to similarly induce a 
G0/G1 phase cell cycle arrest in human hepatocellular carcinoma (HCC) 
cells, which was attributed to the elevation of p21 and the reduction of 
cyclin D1, thus suppressing their growth (Wang et al., 2017).

In summary, GAA may significantly contribute to the suppression of 
cancer progression by modulating the activity of Cdks and cyclins, 
leading to the halt of the cell cycle at the G0/G1 phase, which curtails 
the proliferation of cancerous cells.

3.3.1.2. Induction of apoptosis. Cell apoptosis, a form of programmed 
cell demise, is pivotal in sustaining cellular equilibrium. A hallmark of 
malignancy is reduced apoptosis, which usually involves two major 
pathways: the endogenous and exogenous pathways (Nagata, 2018). 
Therefore, inducing apoptosis of cancer cells has been shown to effec
tively inhibit tumor growth and proliferation (Cheng and Xie, 2019).

The JAK/STAT signaling cascade is crucial for various fundamental 
biological processes, including cell death, proliferation, differentiation, 
and the progression of inflammatory responses (Bowman et al., 2000; 
O’Shea et al., 2013). Excessive activation of STAT proteins can lead to 
the formation of cancer, thus targeting their abnormal activation is a 
strategic approach for cancer therapy (Lee et al., 2019; Wu et al., 2019). 
It has been reported that GAA (0.1, 0.2, and 0.4 mmol/L) significantly 
increases the levels of proteins associated with the mitochondrial 
apoptosis pathway by suppressing the JAK2/STAT3 signaling pathway, 
downregulates the expression of Bcl-xL and myeloid cell leukemia 1 
(Mcl-1), and triggers cell apoptosis, thereby promoting apoptosis and 
curbing the growth of breast cancer (Yang et al., 2018). In addition, 
Bcl-2 and Mcl-1 can also block cell death induced by multiple chemo
therapy agents while increasing chemotherapy resistance (Brotin et al., 
2010; Chanvorachote et al., 2009; Varin et al., 2010; Yde and Issinger, 
2006). Studies have confirmed that GAA (60 μM) can down-regulate the 
expression of Bcl-xL and Mcl-1 by inhibiting the JAK/STAT pathway, 
thereby enhancing the sensitivity of HepG2 cells to cisplatin (DDP) and 
promoting DDP-induced cell death (Yao et al., 2012). In human osteo
sarcoma cell lines HOS and MG-63, GAA (0.50 mmol/L) markedly 
suppresses STAT3 activation by decreasing its phosphorylation while 
also activating the p38-NF-κB signaling pathway, leading to the inhibi
tion of cell proliferation and induction of apoptosis (Shao et al., 2015). 
GAA also induces HCC cell apoptosis by increasing the expression level 
of caspase-3 protein (Wang et al., 2017). Another study showed that 
GAA curbs lymphoma growth through the induction of apoptosis. This 
apoptotic effect is mediated by activating the caspase-dependent 
pathway, which involves the stimulation of caspase-3 and 9, the upre
gulation of Bax and Bcl-2-like protein 11 (BIM), and the facilitation of 
cytochrome c release (Radwan et al., 2015). In addition, GAA (25 μM) 
can inhibit the expression of AKT, Bcl-xL, and Mcl-1 as anti-apoptotic 
genes, and up-regulate the expression of Bax and caspase-3, which has 
antitumor activity on human meningioma cells by inhibiting the 
Wnt/β-catenin signaling pathway (Das et al., 2015). Recent studies have 
found that GAA (5 μM) can target IL-1R1 and disrupt the binding of IL-1β 
in human cancer cells, increasing the activity of caspase-3, reducing 
mitochondrial membrane potential, and inhibiting the cell viability of 
A549 and HeLa cells, thus exerting antitumor effects (Bashir et al., 
2024). It has been reported that GAA (20 mg/mL) inhibits the growth 
and induces apoptosis of human GBM cells by inducing the inactivation 
of the PI3K/AKT signaling pathway, up-regulating the expression levels 
of Bax and caspase-3, and down-regulating the expression levels of 

p-AKT, P- mammalian target of rapamycin (mTOR), and cyclin D1 
(Cheng and Xie, 2019). In addition, GAA promotes tumor inhibition and 
induces Bax expression through up-regulation of N-myc 
downstream-regulated gene 2 (NDRG2), while inhibiting the expression 
of MMP-9, p-PI3K, p-AKT, p-mTOR, and Wnt-2 proteins, thereby 
inducing cell death and inhibiting the growth of advanced meningioma 
(Das et al., 2020).

To summarize, GAA has the potential to modulate the expression of 
genes and proteins involved in apoptosis, including Bax, cytosolic cy
tochrome c, Bcl-xL, Mcl-1, Bcl-2, caspase-9, and caspase-3, by influ
encing various signaling pathways such as JAK2/STAT3, NF-κB, Wnt/ 
β-catenin, PI3K/AKT, and AKT/mTOR. Therefore, GAA may trigger cell 
death in tumor cells via intrinsic mitochondrial mechanisms and 
extrinsic apoptotic pathways, thereby significantly contributing to the 
suppression of tumor progression.

3.3.2. Inhibition of cell migration and invasion
Cell migration and invasion play a critical role in the advancement of 

cancer and are primary contributors to the high mortality rates associ
ated with many types of cancer (Novikov et al., 2021; Zhang et al., 
2005). Therefore, impeding the migration and invasion of cells could be 
instrumental in preventing and controlling the progression of tumors.

The activation of activator protein-1 (AP-1) and NF-κB signaling 
pathways is associated with the invasive behavior of breast cancer cells 
(Eferl and Wagner, 2003; Sliva et al., 2002a, 2002b). In MDA-MB-231 
cells, GAA (0.10, 0.25, and 0.50 mM) inhibited cell adhesion, migration, 
and invasion in a dose-dependent manner. The results showed that the 
mechanism was mainly mediated through the inhibition of 
AP-1/NF-κB-dependent secretion of urokinase-type plasminogen acti
vator (uPA) (Jiang et al., 2008). Another study also reported the ability 
of GAA to inhibit the invasion of MDA-MB-231 cells (Yang et al., 2018). 
In addition, GAA has anti-invasion and anti-metastatic functions in HCC 
cells (Wang et al., 2017). It has been reported that GAA may suppress the 
invasive capabilities of human osteosarcoma HOS and MG-63 cells in 
vitro by increasing the levels of p-p38 and NF-κB1 and decreasing the 
levels of p-STAT3 (Shao et al., 2015).

Overall, GAA has demonstrated the ability to inhibit tumor cell 
migration and invasion and may have potential therapeutic applications 
in cancer therapy.

3.3.3. Regulating of autophagy
Autophagy is a vital cellular process that plays a crucial role in 

maintaining intracellular environmental homeostasis. Dysregulation of 
this intricate process has been closely associated with a multitude of 
pathological conditions (Lozy and Karantza, 2012). Therefore, a thor
ough understanding of autophagy and its regulation is of paramount 
importance for the elucidation of various disease mechanisms.

Within the U251 glioma model, GAA stimulates autophagy in U251 
GBM cells by modulating the PI3K/AKT signaling pathway. This process 
involves the up-regulation of two autophagy-associated proteins, beclin 
1 and microtubule-associated protein 1 light chain 3 (LC3) II, and the 
down-regulation of the autophagy substrate P62 (Cheng and Xie, 2019). 
Currently, enhancing autophagy has been shown to enhance the efficacy 
of chemotherapy drugs. DDP is a commonly used chemotherapeutic 
drug in the clinical treatment of lung cancer (Hu et al., 2020; Shi et al., 
2016; Wu et al., 2018). Some studies have reported that A549/DDP cells 
treated with GAA exhibit marked autophagic signatures. GAA inhibits 
autophagy by regulating the circRNA flamin A (circFLNA)/
miR-486-3p/cytochrome P450 family 1 subfamily A member 1 
(CYP1A1)/X-ray repair cross-complementing 1 (XRCC1) axis and en
hances the sensitivity of lung cancer cells to DDP (Gong et al., 2024).

In sum, these findings demonstrate that GAA modulates autophagy 
through distinct molecular pathways in different cancer types. Its ability 
to regulate autophagy highlights its potential as a therapeutic agent in 
cancer treatment.
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3.3.4. Other mechanisms
Beyond the effects mentioned above, GAA may also demonstrate 

anti-neoplastic capabilities through alternative mechanisms of action. 
For example, GAA enhances antitumor immunity by up-regulating the 
expression of human leukocyte antigen (HLA) class II proteins in cancer 
cells and restoring the function of antigen-presenting CD4+ T cells 
(Radwan et al., 2015). It is well known that the development of drug 
resistance often reduces the efficacy of chemotherapy drugs in the 
treatment of tumors. In the mouse colon cancer xenograft model 
established by HT-29 cells, GAA was combined with the chemotherapy 
drug oxaliplatin to enhance the antitumor effect of oxaliplatin by 
inducing the cytotoxicity of T cells (Song et al., 2023). In a 7,12-dime
thylbenz (a) anthracene (DMBA)-induced rat breast tumor model, 
tamoxifen and GAA drug-loaded nanoparticles significantly reduced cell 
viability, decreased relative tumor volume, and improved the thera
peutic effect of breast cancer (Barkat et al., 2022). Telomerase inhibition 
is a possible therapeutic strategy for the treatment of cancer (Feldser and 
Greider, 2007). Molecular docking experiments have shown that GAA 
can moderately inhibit telomerase activity, thereby inhibiting 
Epstein-Barr virus (EBV) infection and preventing nasopharyngeal car
cinoma (Zheng and Chen, 2017). In addition, GAA has a high binding 
affinity and can selectively bind to the side loops of parallel G-quad
ruplex DNA (pG4DNA), thereby inhibiting telomerase or 
down-regulating oncogenes, and can act as an anticancer agent 
(Sillapapongwarakorn et al., 2017). The experimental study found that 
the development of PMBN-A.Her2-GA targeting nanosystem success
fully improved GAA’s cytotoxic and necrotic activity against 
HER2-overexpressed breast cancer cells, providing a potential alterna
tive treatment strategy for traditional chemotherapy (Motamed Fath 
et al., 2021).

In summary, GAA demonstrates significant antitumor potential 
through multiple mechanisms, including inhibition of cell proliferation, 
induction of cell cycle arrest, apoptosis, and suppression of cell migra
tion and invasion. Its ability to modulate key signaling pathways such as 
JAK/STAT, PI3K/AKT, and Wnt/β-catenin highlights its versatility in 
targeting various cancer types. Additionally, GAA’s role in enhancing 
autophagy and overcoming drug resistance further underscores its 
therapeutic promise. While these findings are promising, further 
research is essential to fully elucidate its mechanisms and optimize its 
clinical applications, paving the way for GAA as a potential anticancer 
agent.

3.4. Neuropsychopharmacological activity of GAA

Psychiatric and nervous system diseases are a group of diseases 
manifested in nervous system lesions, behavior, and psychological ac
tivity disorders, including neuropsychiatric diseases and neurodegen
erative diseases (Gupta et al., 2023). Neurological and psychiatric 
diseases are one of the main causes that affect people’s normal life 
(Baxter et al., 2016). Therefore, finding effective drugs to promote nerve 
growth, prevent and treat nerve injury and nerve degeneration is a topic 
of great concern in current medical research (Arias-Carrión and 
Drucker-Colín, 2007). Numerous experimental studies have shown that 
GAA exerts neuroprotective effects mainly by mediating autophagy and 
reducing neuroinflammation (Jia et al., 2021b; Shen et al., 2021). 
Autophagy is a dynamic process of degrading cellular contents that oc
curs steadily in cells. It is crucial for nerve cells because it helps to clear 
pathological proteins such as amyloid-β (Aβ) and tau, thereby main
taining nerve cell homeostasis (Reddy and Oliver, 2019). Neuro
inflammation plays an essential role in the occurrence and development 
of neurodegenerative diseases. Neuroinflammation is a prevalent char
acteristic in neurodegenerative conditions, including AD, epilepsy, 
Parkinson’s disease (PD), and multiple sclerosis (MS), and it correlates 
with the progressive deterioration of neural architecture and function
ality (Jia et al., 2019; Neri et al., 2022; Piirainen et al., 2017). Neuro
inflammation is also a significant factor in the development of major 

depressive disorder (Wang et al., 2018).

3.4.1. Anti-Alzheimer’s disease
AD is a type of neurodegenerative condition marked by a gradual 

decline in cognitive abilities (Ballard et al., 2011). The accumulation of 
Aβ in the central nervous system due to inadequate clearance is the main 
cause of AD (Mawuenyega et al., 2010). The development of AD is 
associated with the buildup of Aβ peptides in brain tissue and the cre
ation of neurofibrillary tangles due to the hyperphosphorylation of tau 
protein (Lane et al., 2018). The release of Aβ polymers outside nerve 
cells can cause neuroinflammation and exacerbate AD symptoms; 
however, autophagy can promote the clearance of Aβ precursor proteins 
(Gouras et al., 2010). It has been reported that in the mouse model of AD 
established with Aβ42, GAA activates autophagy in BV2 cells through 
the Axl receptor tyrosine kinase (Axl)/CDC42-activated kinase 1 (Pak1) 
signaling pathway and promotes the clearance of Aβ42 by microglia, 
thereby ameliorating cognitive deficits in AD (Qi et al., 2021). Peptidyl 
arginine deiminase type IV (PADI4) has a positive effect on inducing 
autophagy in AD cells (Fan et al., 2018). Experimental studies have 
shown that in the mouse model of AD established with Aβ25-35, GAA 
(40 and 60 μmol/L) inhibited the expression of pro-senescence-related 
proteins p16, p21, and Hmgal in a concentration-dependent manner 
by regulating the expression of PADI4. At the same time, it can reduce 
the expression of autophagy-related proteins 5 (ATG5) and Beclin 1 and 
increase the expression level of LC3B I/II to exert autophagy, and its 
mechanism is to delay the senescence of AD cells by regulating the 
AKT/mTOR signaling pathway (Shen et al., 2021). In addition, Okadaic 
acid can lead to neurotoxic effects in PC12 cells by promoting tau 
phosphorylation. Conversely, GAA (12.5, 25, and 50 μg/mL) may pro
vide neuroprotection by suppressing the hyperphosphorylation of tau 
protein, suggesting its potential as a therapeutic agent for AD (Cui et al., 
2023). An experimental study investigated the impact of chronic 
administration of triterpenoids from Ganoderma lucidum (TGL) on the 
decline in brain physiology, with its mechanism primarily involving the 
modulation of sphingolipid metabolism and the enhancement of auto
phagy. This study also found that GAA may be an effective component of 
TGL against brain aging in AD mice (Zeng et al., 2021). In addition, in 
neurodegenerative diseases, T helper 17 (Th17) cells and regulatory T 
(Treg) cells can penetrate brain tissue through the damaged blood-brain 
barrier and participate in the occurrence of AD (Zhang et al., 2013). GAA 
(20 mg/kg) reduces the expression of proinflammatory cytokines 
IL-17A, IL-17F, IL-21, and IL-22 by regulating the imbalance of 
Th17/Tregs axis, and inhibits the JAK/STAT signaling pathway to 
regulate brain mitochondrial dysfunction, thereby reducing neuro
inflammation in AD (Y. Zhang et al., 2021). These findings indicate that 
GAA could play various functions in addressing AD, including promot
ing Aβ clearance, regulating autophagy, inhibiting tau phosphorylation, 
and anti-neuroinflammatory effects.

3.4.2. Antiepileptic effect
Epilepsy is a long-term neurological disease characterized by recur

rent seizures. It is a common neurological disorder characterized by 
recurrent and refractory seizures (Devinsky, 2004). Microglia dysfunc
tion can lead to seizures or promote the development of epilepsy by 
releasing proinflammatory cytokines such as IL-1β, IL-6, and TNF-α 
(Dambach et al., 2014). Experimental studies have found that GAA (10, 
20, 50, and 100 μg/mL) reduces the release of these cytokines from 
mouse cortical microglia at least in part by inhibiting the lipopolysac
charide (LPS)-induced NF-κB signaling pathway and also inhibits the 
elevation of mitochondrial metabolic activity stimulated by LPS, thus 
playing a potential role in the treatment of epilepsy (Chi et al., 2018). 
Certain seizures can cause hippocampal neuronal damage (Henshall 
et al., 2016), which may lead to mitochondrial dysfunction accompanied 
by a large number of apoptotic cells (Waldbaum and Patel, 2010; Zsurka 
and Kunz, 2015). Experimental studies have shown that GAA has neu
roprotective effects on epileptic hippocampal neurons by improving 
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mitochondrial function and antioxidant status, which may provide a 
new therapeutic strategy for the treatment of epilepsy (Jiang et al., 
2018). In addition, GAA (10 mg/kg) may reduce the expression of 
apoptosis and calcium-sensing receptor (CaSR), reduce the expression of 
p-c-Jun N-terminal kinase (JNK), p-p38, Bax, and cleaved caspase-3, and 
increase the expression of the p-extracellular signal-regulated kinase 
(ERK) and Bcl-2 through the MAPK pathway, thus improving epileptic 
behavior and brain tissue damage caused by epilepsy and show 
anti-epileptic effects (Pang et al., 2022). These findings indicate GAA’s 
potential to exert a range of therapeutic effects on epilepsy, encom
passing anti-inflammatory properties, neuroprotection, and 
anti-epileptic capabilities.

3.4.3. Anti-depression
Depression is a prevalent and persistent disorder, and neuro

inflammation is a crucial factor in the pathogenesis of this disorder 
(Duman et al., 2016; Troubat et al., 2021). In a rat model of post-stroke 
depression (PSD), GAA reduced levels of brain-derived neurotrophic 
factor (BDNF) and nerve growth factor (NGF) in the hippocampus, 
activated the ERK/cAMP-response element-binding protein (CREB) 
pathway, and mitigated neuronal damage. GAA also inhibited the po
larization of M1 (pro-inflammatory) microglia and promoted the po
larization of M2 (anti-inflammatory) microglia, thereby alleviating the 
depression-like behavior induced by PSD in rats (L. Zhang et al., 
2021). Numerous investigations have demonstrated a correlation be
tween depression and the farnesoid X receptor (FXR), a significant 
element in the emergence of behaviors indicative of depression (Boehlig 
et al., 2022; Li et al., 2023; C.C. Yang et al., 2018). FXR is a bile acid 
receptor that engages with the inflammasome, facilitating 
anti-inflammatory and reparative processes crucial for maintaining 
brain equilibrium (W.G. Chen et al., 2018; Fiorucci et al., 2010). It has 
been reported that GAA (0.5, 1, and 2.5 mg/kg) can help alleviate major 
depressive disorder by regulating bile acid receptor FXR, blocking the 
activity of NLRP3 inflammasome, enhancing the expression of α-ami
no-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptor, 
and reducing brain inflammation (Bao et al., 2021). These findings 
indicate a positive correlation between FXR activation and 
anti-depressant effects. Together, the evidence suggests that GAA could 
play a multifaceted role in combating depression, encompassing 
anti-inflammatory effects, neuroprotection, and the regulation of neu
roimmune reactions.

3.4.4. Other neuropsychopharmacological activity
Neuroinflammation, driven by microglial activity, is a pivotal 

contributor to the development of neurodegenerative conditions (Kwon 
and Koh, 2020). In LPS-stimulated BV2 microglial cells, GAA facilitates a 
shift from a pro-inflammatory to an anti-inflammatory phenotype by 
activating the FXR signaling pathway. This transition notably decreases 
the secretion of pro-inflammatory cytokines such as IL-1β, IL-6, and 
TNF-α, while enhancing the synthesis of the neurotrophic factor BDNF, 
consequently mitigating LPS-induced neuroinflammation (Jia et al., 
2021b). Reports indicate that the FXR serves a protective function in the 
context of MS (Ho and Steinman, 2016). In two independent animal 
models of MS, GAA can promote anti-inflammatory response and myelin 
regeneration by activating FXR, increasing the expression of 
anti-inflammatory cytokine IL-4 and growth factor BDNF, and inhibiting 
the expression of pro-inflammatory cytokines IL-6 and IL-1β, thereby 
contributing to the improvement of central demyelinating diseases (Jia 
et al., 2021a). Alterations in the leucine-rich repeat kinase 2 (LRRK2) 
gene can disrupt dopaminergic signaling, which is associated with the 
development of PD (Sosero and Gan-Or, 2023). Experimental studies 
have shown that GAA is the best recognition molecule for LRRK2 and 
can become a potential drug for the treatment of PD (Ahmad, 2023). In 
addition, NO damage can lead to various neurological diseases (Yun 
et al., 1997). The adrenergic system mediates the inhibitory effects of 
some antipsychotics in neurological disorders (Dziedzicka-Wasylewska 

et al., 2004; Gallager and Aghajanian, 1976). GAA can protect isolated 
nerve cells from NO-induced stress injury by stimulating β-adrenergic 
receptors (Yu et al., 2020).

In summary, GAA plays a neuroprotective role in AD, epilepsy, 
depression, PD, MS, and other diseases by reducing neuroinflammation 
and mediating autophagy through regulating JAK/STAT, NF-κB, MAPK, 
and FXR signaling pathways. These findings highlight the potential of 
GAA as a multifaceted therapeutic agent, offering promising avenues for 
the treatment of complex neurodegenerative and psychiatric conditions.

3.5. Hepatoprotective activity of GAA

Liver disease is a widely prevalent and critically important health 
concern that arises from exposure to chemical toxins, leading to liver 
damage and subsequent metabolic and circulatory dysfunctions 
(Bhondave et al., 2014). The disease encompasses various presentations, 
such as hepatic impairment and hepatic inflammation, and is linked to a 
range of factors, including viral hepatitis, alcohol consumption, bile 
acids, and obesity (Devarbhavi et al., 2023). Due to the severity and 
complexity of liver disease, it is crucial to understand the various factors 
that contribute to its onset and progression. The liver plays a crucial role 
in maintaining lipid balance in the body by regulating several metabolic 
pathways to maintain physical health and prevent metabolic disorders 
such as obesity, hyperlipidemia, and other diseases (Badmus et al., 2022; 
Santos et al., 2024). Numerous studies have shown that GAA has pro
tective effects on the liver.

In cyclophosphamide-induced liver injury in mice, GAA (20 and 40 
mg/kg) inhibited the (Txnip)/Trx/NF-κB pathway activation, reducing 
the levels of alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), and cytokines in the serum and liver of mice, thereby reducing 
liver injury and hepatocyte apoptosis (Xu et al., 2019). Another exper
imental study showed that GAA, as the main component of GL, could 
significantly improve the survival rate and liver function of α-amanita 
toxin-poisoned mice, and may reduce liver injury by inhibiting the 
JAK2/STAT3 pathway (Xiao, 2024). In rats with non-alcoholic fatty 
liver disease (NAFLD) induced by high-fat diet (HFD), pretreatment with 
GAA (20 and 40 mg/kg) alleviated liver injury, reduced serum AST, ALT, 
total bilirubin (TBIL) levels, total cholesterol (TC), and triglyceride (TG), 
and increased high-density lipoprotein cholesterol (HDL-C) levels (Liu 
et al., 2020). Its hepatoprotective mechanism is mainly attributed to the 
reduction of lipid oxidation and liver inflammation through 
AMP-activated protein kinase (AMPK)/peroxisome 
proliferator-activated receptor γ coactivator 1-α (PGC-1α) and 
AMPK/NF-κB signaling pathways (Liu et al., 2020). Another experi
mental study showed that treatment with GAA (25 and 50 mg/kg) 
reduced serum ALT and AST levels by reducing the mRNA expression of 
inflammatory factors such as IL-1β, TNF-α, and IL-6, alleviating 
non-alcoholic steatohepatitis (NASH) induced by high-fat and 
high-cholesterol diet. In addition, GAA treatment increased ERp57, 
p-AKT, and p-MAPK levels and improved liver inflammation and fibrosis 
by reducing hepatic oxidative stress and ER stress responses (Zhu et al., 
2022). GAA has also been reported to have some protective effect 
against alcohol-induced liver injury. A high dose of GAA (40 mg/kg) 
alleviates alcohol-induced liver injury by regulating intestinal microbial 
composition, liver metabolomics characteristics, and mRNA levels of 
genes related to lipid metabolism and inflammatory response in the 
liver, while increasing antioxidant enzyme activity and inhibiting 
oxidative stress (Lv et al., 2022). Cytochrome p450s (CYP450s) are 
essential drug metabolism enzymes in the liver and intestine (X.B. Shi 
et al., 2016). In vitro studies have shown that GAA has the potential to 
interact with other drugs metabolized by CYP3A4, CYP2D6, and 
CYP2E1 (Xu et al., 2020). In an HFD-induced obesity mouse model, GAA 
(25 and 50 mg/kg) reduced intracellular cholesterol and fatty acid levels 
by inhibiting sterol regulatory element-binding protein (SREBP) 
expression, and improved weight gain, fat accumulation in the liver or 
adipose tissue, serum lipid levels, and insulin sensitivity in obese mice 
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(Zhu et al., 2018). In addition, in mice with hyperlipidemia induced by 
an HFD, GAA has the potential to alleviate lipid metabolism disorders 
and intestinal microbiome imbalances by regulating intestinal micro
biota and liver metabolite characteristics, as well as by influencing the 
expression of genes involved in lipid metabolism and bile acid regula
tion within the liver, thus potentially improving hyperlipidemia (Guo 
et al., 2020).

In summary, GAA exhibits significant hepatoprotective effects by 
reducing oxidative stress, inflammation, and lipid accumulation, while 
enhancing metabolic regulation. Its potential in treating liver diseases, 
such as NAFLD and alcohol-induced injury, is promising. However, 
further clinical studies are needed to confirm its efficacy and safety. GAA 
represents a promising candidate for the development of liver-protective 
therapies.

3.6. Cardiovascular protective effects of GAA

Cardiovascular disease continues to be the leading cause of death 
and illness worldwide. The incidence of atherosclerosis (AS), acute 
myocardial infarction, and other cardiovascular diseases is progressively 
on the rise due to certain risk factors (Goldsborough et al., 2022; Paisible 
et al., 2015). Therefore, it is imperative to identify these risk factors and 
adopt the necessary measures to mitigate their effects. Recent research 
suggests that GAA could possess therapeutic potential for cardiovascular 
disease.

Numerous experiments have shown that inflammation and lipid 
deposition increase the risk of AS (Kraaijenhof et al., 2021). GAA (20, 
50, and 70 μM) was found to significantly inhibit the release of oxidized 
low-density lipoprotein (ox-LDL)-induced inflammatory factors, 
including TNF-α, IL-1β, and IL-6, and to reduce levels of markers of 
oxidative stress such as ROS and malondialdehyde (MDA). In addition, 
GAA effectively reduced ox-LDL-induced lipid deposition and inhibited 
the expression of scavenger receptors (SR) associated with lipid meta
bolism and foam cell formation, such as SR class A (SR-A) and cluster of 
differentiation 36 (CD36). Its mechanism of action is mainly through the 
intervention of the Notch-1/peroxisome proliferator-activated receptor 
gamma (PPARγ)/CD36 signaling pathway to exert anti-inflammatory 
and anti-lipid deposition effects. Therefore, GAA has a potential thera
peutic effect on AS (Wang and Lu, 2021). Cardiovascular disease, 
especially acute myocardial infarction, is the most important health 
problem worldwide (Pollard, 2000). Myocardial ischemia-reperfusion 
(MIR) is an important cause of acute myocardial infarction (Algoet 
et al., 2023). In the MIR rat model, GAA (20 and 40 mg/kg) 
down-regulated the levels of TNF-α, IL-6, and IL-1β in serum and heart, 
reduced the levels of creatine kinase isoenzyme (CK)-MB and lactate 
dehydrogenase (LDH), improved ST and pathological changes of 
myocardial infarction, and reduced myocardial infarction size by regu
lating the JAK/STAT3/NF-κB signaling pathway, thereby protecting the 
rats from ischemia-reperfusion injury (Zhang et al., 2020).

In conclusion, GAA exhibits cardiovascular protective effects by 
targeting inflammation, oxidative stress, and lipid metabolism, offering 
potential therapeutic benefits for conditions like atherosclerosis and 
myocardial injury. Its modulation of key signaling pathways un
derscores its promise, though further clinical validation is essential.

3.7. Renoprotective effects of GAA

Kidney diseases, which encompass several conditions such as kidney 
injury, kidney fibrosis, and polycystic kidney disease, significantly 
contribute to global health issues and death rates (Bergmann et al., 
2018; Lan, 2011; Peek and Wilson, 2023). Therefore, the identification 
and development of effective drugs to treat kidney disease are of para
mount importance. Some studies have reported that GAA has a protec
tive effect on the kidneys.

In a carbon tetrachloride (CCl4)-induced kidney injury mouse model, 
GAA (25 and 50 mg/kg) could effectively reduce renal inflammation and 

fibrosis, and improve renal function by reducing serum creatinine, urea, 
and uric acid levels. In addition, GAA reduced oxidative stress and in
flammatory response by activating the Trx/TrxR antioxidant system and 
inhibiting JAK/STAT3 and ras homolog family member A (RhoA)/Rho- 
associated protein kinase (ROCK) signaling pathways, thereby providing 
renal protection (Ma et al., 2021). It has been reported that GAA 
dose-dependently reversed transforming growth factor-β (TGF-β) 
1-upregulated levels of fibrosis markers in a TGF-β1-stimulated HK-2 
cell model, showing a potent anti-renal fibrosis effect (Geng et al., 
2020). In the Madin-Darby canine kidney cystogenesis model and 
kidney-specific Pkd1 knockout mice, GAA inhibited the expression of 
proliferating cell nuclear antigen by dose-dependently down-regulating 
the Ras/MAPK signaling pathway and significantly inhibited the growth 
of cysts, thereby reducing the development of renal cysts (Meng et al., 
2020). In summary, GAA demonstrates therapeutic potential through 
diverse mechanisms such as anti-inflammatory, antioxidant actions, and 
cell proliferation inhibition, positioning it as a promising agent for the 
management of renal disorders.

3.8. Lung protective effects of GAA

Lung diseases are a serious threat to human health, such as lung 
injury and pulmonary fibrosis, which can cause extensive damage to the 
respiratory system, impair lung function, and reduce the overall quality 
of life (Cheng et al., 2021). Studies have reported that GAA has a pro
tective effect on the lungs.

In a mouse model of LPS-induced acute lung injury, GAA (20 and 40 
mg/kg) significantly decreased the lung wet/dry weight (W/D) ratio, 
myeloperoxidase (MPO) activity, MDA content, and pro-inflammatory 
cytokine levels, while increasing SOD activity. These effects were 
attributed to the suppression of the Rho/ROCK/NF-κB signaling 
pathway, which in turn mitigated the acute lung injury in the mouse 
(Wan et al., 2019). Another experimental study showed that in 
bleomycin-induced pulmonary fibrosis, GAA (25 and 50 mg/kg) 
down-regulates the levels of TNF-α, IL-1β, IL-6, and MDA and 
up-regulates the levels of SOD by regulating the TGF-β/mothers against 
decapentaplegic homolog 3 (Smad3)/NF-κB signaling pathway. Addi
tionally, GAA improved MPO activity, W/D ratio, and pathological 
changes of lung tissue, thus playing a protective role in pulmonary 
fibrosis (Wen et al., 2020). In conclusion, GAA could emerge as a po
tential therapeutic agent for addressing lung injury and combating 
pulmonary fibrosis.

3.9. Other pharmacological activities

It has been found that GAA has other pharmacological benefits be
sides its known uses. In late 2019, an outbreak of pneumonia of un
known origin in China was identified as coronavirus disease 2019 
(COVID-19), caused by the severe acute respiratory syndrome corona
virus 2 (SARS-CoV-2) virus. The disease affects multiple body systems, 
with symptoms ranging from mild to severe or asymptomatic, and was 
declared a public health emergency by the World Health Organization 
(Gorbalenya et al., 2020; Zhu et al., 2020). Fortunately, the natural 
compound GAA has shown inhibition of COVID-19 protease in labora
tory studies and is promising as a therapeutic agent for the disease (Le 
et al., 2023). In addition, GAA protects lens epithelial cells and the rat 
lens from the harmful effects of ultraviolet radiation B (UVB). GAA 
showed protective effects on human lens epithelial cell line (SRA01/04 
cells) and rat lens by improving cell viability and antioxidant activity, 
inhibiting apoptosis, activating the PI3K/AKT signaling pathway, and 
delaying lens opacities, which may protect against UVB-induced damage 
(Kang et al., 2020). Experimental research has confirmed that GAA 
significantly ameliorates functional dyspepsia (FD) in rats by enhancing 
gastric emptying and intestinal motility, while reducing pathological 
damage to the stomach and duodenum. Moreover, GAA positively 
modulates the secretion of brain-gut axis proteins and bolsters the 
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duodenal mucosal barrier function in affected rats, thereby improving 
the barrier function of duodenal mucosa in FD rats (Yang et al., 2022). 
Experimental studies have found that GAA can improve endothelial 
function in estrogen-deficient mice. GAA can effectively alleviate the 
damage of aortic endothelial function in ovariectomized mice by 
reducing the level of ROS and inhibiting the ER stress pathway involving 
Grp78 and ATF6α (Zhu, 2023). The findings imply that GAA possesses 
extensive therapeutic advantages, potentially serving as a versatile 
treatment option.

The listed pharmacological activities of GAA can be found in Table 2, 
with the molecular pathways that contribute to its pharmacological ef
fects illustrated in Figs. 3 and 4. Moreover, the operational mechanisms 
of GAA in neuropsychiatric and liver diseases are outlined in Figs. 5 and 
6.

4. Pharmacokinetics of GAA

Pharmacokinetic studies are pivotal for comprehending how drugs 
are absorbed, distributed, metabolized, and excreted, which aids in 
optimizing clinical medication practices to ensure therapeutic efficacy 
and minimize adverse reactions. Currently, the pharmacokinetics of 
GAA in rat plasma are predominantly assessed using ultra-high perfor
mance liquid chromatography-tandem mass spectrometry (UPLC-MS/ 
MS) and ultra-fast liquid chromatography-tandem mass spectrometry 
(UFLC-MS/MS) techniques (Cao et al., 2017b; Rahman et al., 2021). The 
pharmacokinetic parameters of GAA from the four studies are compared, 
with the results summarized in Table 3.

It can be seen from the data in the table that GAA can be absorbed by 
both oral and intravenous injection in rats. In male Wistar rats, after oral 
administration of GAA (25 mg/kg), the rate of absorption is the slowest, 
which is reflected in the time to peak concentration (Tmax) of 4 h 
(Rahman et al., 2021). In addition, the area under the curve (AUC) after 
oral administration from time zero to the last sampling time AUC0-t was 
332730 ± 0.21 ng h/mL, indicating a large amount of GAA exposure in 
vivo (Rahman et al., 2021). In contrast, when GAA (20 mg/kg) was 
orally administered to male Sprague–Dawley rats, the absorption degree 
was higher, and the peak time was the shortest (about 9 min, Tmax =
0.15 ± 0.03 h), while the peak drug concentration (Cmax) was relatively 
high, Cmax = 0.91 ± 0.57 μmol/L, equivalent to 469.023 ng/mL (Cao 
et al., 2017b). After intravenous injection, GAA can rapidly penetrate 
the blood-brain barrier, manifested in a Tmax of 0.25 h, and is elimi
nated from the brain relatively quickly, with a half-life (t1/2) of 1.40 h 
and bioavailability-corrected total body clearance (CL/F) of 89.21 
L/h/kg (Cao et al., 2017b). It is worth noting that the oral bioavailability 
and brain permeability of GAA are estimated at 8.68 % and 2.96 %, 
respectively, suggesting that GAA is less bioavailable in vivo but has 
some ability to cross the blood-brain barrier (Cao et al., 2017b). In 
addition, GAA has a distribution in the blood, brain, liver, and gastro
intestinal tract, and is excreted in the urine in the kidney, suggesting that 
the distribution of GAA in the body is quite broad. It has been found that 
the apparent volume of distribution (Vd)/F and CL/F of GAA in the body 
differ among different administration modes and species, which may be 
related to the metabolic and excretory pathways of GAA (Cao et al., 
2017b; Rahman et al., 2021). Another study found that when healthy 
male volunteers took MG2FB-WE (containing GAA 1417.80 ± 40.74 
mg/kg) orally on an empty stomach, a Cmax of 10.99 ± 4.02 ng/mL was 
observed, indicating that GAA can also be effectively absorbed orally in 
humans. Both rapid absorption and short elimination half-life have been 
shown (Tawasri et al., 2016; Teekachunhatean et al., 2012). In the 
metabolic study of GAA, the researchers found that GAA can undergo a 
wide range of metabolism, including reduction, oxidation, and hy
droxylated phase I metabolism, as well as glucuronidation and sulfated 
phase II metabolism. Its main metabolic soft spots are 3, 7, 11, 15, 
23-carbonyl (or hydroxyl groups) and 12,20,28 (29)-carbon atoms (Cao 
et al., 2017a).

In general, GAA showed absorbability and elimination in rats and 

human volunteers, with low oral bioavailability, wide distribution, and 
large distribution volume. To improve the bioavailability of GAA, re
searchers have developed GAA formulations based on nano lipid car
riers, which not only improve the solubility of GAA but also enhance its 
oral absorption (Rahman et al., 2021). Moreover, subsequent research 
may improve the oral bioavailability of GAA by investigating alternative 
pharmaceutical formulations and chemical alterations. Consequently, 
additional pharmacokinetic evaluations of GAA are anticipated to yield 
valuable insights, facilitating the development of innovative dosage 
forms and broadening its clinical utility.

5. Derivatives of GAA

Although GAA has shown great potential in pharmacology, it still has 
some limitations regarding solubility, bioavailability, and pharmacoki
netic properties in practical applications. To overcome these challenges, 
the researchers have begun to explore derivatives (Fig. 7) of GAA with a 
view to enhancing their pharmacological activity and clinical applica
tion potential through chemical modification and structural 
optimization.

Chang et al. have been working on GAA derivatives in recent years, 
which are mainly produced by microbial transformation processes, in 
particular by using specific glycosyltransferases in Bacillus subtilis ATCC 
6633 strain, such as BsUGT398, BsUGT489, and BsGT110. These de
rivatives, including GAA-15-O-β-glucoside (Chang et al., 2018a, 2018c, 
2019b), 3-O-acetyl GAA (Chang et al., 2018b), and 
GAA-26-O-β-glucoside (Chang et al., 2019a), exhibit higher water sol
ubility and possibly enhanced pharmacological activity than the original 
GAA. In particular, a new triterpene disaccharide saponin, GAA-15, 
26-O-β-diglucoside (Chang et al., 2021), was successfully prepared by 
sequential transformation of BtGT_16345 and BsGT110, with signifi
cantly increased water solubility. These provide a promising strategy for 
the development of TGL saponins with novel biological activities (Chang 
et al., 2021). However, they did not conduct pharmacological activity 
studies on derivatives of GAA, and further studies are needed to deter
mine whether these derivatives also have higher biological activity than 
GAA.

Jia et al. modified the carboxyl group of GAA by chemical synthesis 
to generate a series of amide compounds (A1-A15) and investigated 
their antitumor activity in vitro. The structural modifications included 
aliphatic amines, benzylamines, phenylethylamines, and piperazine 
derivatives, revealing key structure-activity relationships: aliphatic 
amines with longer carbon chains (A2, hexyl) showed higher activity 
than shorter chains (A1, butyl); benzylamines with electron- 
withdrawing groups (A6, A7, A8) were more active than those with 
electron-donating groups (A5); and piperazine derivatives with hydro
phobic groups (A15) exhibited enhanced activity. Among the de
rivatives, A2 demonstrated significant antiproliferative activity in 
multiple tumor cell lines (MCF-7, HepG2, SJSA-1) with low toxicity to 
normal cells. Mechanistically, A2 induces apoptosis by binding to 
MDM2 and inhibiting the MDM2-p53 interaction, highlighting its po
tential as a novel antitumor agent (Jia et al., 2023).

Future studies will be devoted to in-depth exploration of the diverse 
pharmacological activities of GAA derivatives, including but not limited 
to their antitumor effects. Through innovative optimization of chemical 
structures, the therapeutic efficacy of these compounds is enhanced. 
This aims to develop new compounds with improved solubility, 
bioavailability, and pharmacokinetic properties, providing a wider 
range of therapeutic strategies and approaches for the treatment of 
cancer and other related diseases.

6. Network pharmacology and molecular docking analysis

6.1. Network pharmacology analysis

We first searched the target genes of GAA using Swiss Target 
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Table 2 
The pharmacological activities of GAA.

Pharmacological effects In vivo In vitro Dosage Mechanisms Reference

Anti-inflammatory effects Adjuvant-induced 
arthritis in rats

​ 20, 40 
mg/kg

↓phosphorylation of Janus Kinase 3 (p- 
JAK3); ↓p-signal transducer and activator of 
transcription 3 (STAT3); ↓suppressor of 
cytokine signaling 1 (SOCS1); ↓p-nuclear 
factor kappa-B (NF-kB) p65; ↓p-inhibitor of 
κB α (IκBα)

Cao et al. 
(2020)

​ Human NP cells 6.25, 
12.5, 25 
μM

↓nitric oxide (NO); ↓prostaglandin E2 
(PGE2); ↓inducible nitric oxide synthase 
(iNOS); ↓cyclooxygenase-2 (COX-2); ↓tumor 
necrosis factor-α (TNF-α); ↓interleukin (IL)-6; 
↑collagen II; ↑aggrecan; ↓matrix 
metalloproteinase (MMP)-3; ↓MMP-13; ↓p- 
p65; ↑IκBα

Zheng et al. 
(2022)

OA mouse model ​ 20 mg/ 
kg

↓Bcl-2-associated X (Bax); ↑caspase-3; ↓COX- 
2; ↓iNOS; ↓glucose-regulated protein 78 
(GRP78); ↓activating transcription factor 4 
(ATF4); ↓CHOP; ↓p-p65; ↑IκBα; ↑aggrecan; 
↑collagen II; ↑SOX9; ↓ADAMTS5; ↓MMP-3; 
↓MMP-13

Liu et al. 
(2024)

​ Human chondrocytes (CHONs), C28/ 
I2 cells

25, 50 
μM

​ ​

Destabilization of the 
medial meniscus mice 
model

​ 20 mg/ 
kg

↓osteoprotegerin (OPG); ↑receptor activator 
of nuclear factor kappa-В ligand (RANKL); 
↓MMP-13

Wu et al. 
(2022)

​ HC-A cells 10, 50 
mM

​ ​

ovalbumin-induced 
asthma in mice

​ 20, 40 
mg/kg

↑IL-4, ↑IL-5, ↑IL-13, ↓Toll-like receptor 4 
(TLR4), ↓p-NF-kB

Lu et al. 
(2021)

​ NP cells 4, 8 μM ↓IL-6, ↓IL-1β, ↓TNF-α, ↓glutathione (GSH), 
↓superoxide dismutase (SOD), ↓glutathione 
peroxidase (GPX), ↓malondialdehyde (MDA), 
↓MMP-3, ↓MMP-13, ↓ADAMTS4, 
↓ADAMTS5, ↑collagen II; ↑aggrecan

Wang et al. 
(2022)

Antioxidant effects ​ PC-3 cells 10, 20, 
50, 80 
μM

↓ROS, ↓2,2-diphenyl-1-picrylhydrazyl 
(DPPH), ↓SOD1, ↓SOD2, ↓SOD3

Gill et al. 
(2016a)

​ Lung cancer cell line (H460) 10, 20, 
50, 80 
μM

↓nuclear factor erythroid 2-related factor-2 
(Nrf2), ↓ROS

Gill et al. 
(2017)

​ Human neuroblastoma cell line (IMR- 
32)

20, 50, 
80 μM

↓Notch-1, ↓ROS, Gill et al. 
(2019)

Antitumor effects ​ Human breast cancer cell line (MDA- 
MB-231)

0.10, 
0.25, 
0.50 mM

↓urokinase-type plasminogen activator 
(uPA), ↓cyclin-dependent kinase 4 (Cdk4)

Jiang et al. 
(2008)

​ MDA-MB-231 breast cancer cells 0.1, 0.2, 
0.4 
mmol/l

↑ROS, ↓cyclin D1, ↑p21, ↑p27, ↓myeloid 
leukemia-1 (Mcl-1), ↓B-cell lymphoma (Bcl)- 
xL, ↑Bak, ↑Bax, ↑cytosolic cytochrome c

Yang et al. 
(2018)

​ HepG2 and SMMC7721 human HCC 
cells

75, 100 
μmol/l

↓cyclin D1, ↑p21, ↑caspase-3 Wang et al. 
(2017)

​ HepG2 cells 60 μM ↓p-JAK1, ↓p-JAK2, ↓Mcl-1, ↓Bcl-2, ↓cyclin 
D1, ↓caspase-3, ↓poly ADP-ribose polymerase 
(PARP)

Yao et al. 
(2012)

​ Human osteosarcoma HOS and MG- 
63 cells

0.50 
mmol/L

↓p-STAT3, ↑p-p38, ↑p38, ↑NF-κB1 Shao et al. 
(2015)

EL4 tumor-bearing mouse 
model

​ 60, 50, 
40 mg/ 
kg

↑caspase-3, ↑caspase-8, ↑caspase-9, ↑caspase- 
3/7, ↓Bcl-2, ↓survivin, ↑Bax, ↑Bcl-2-like 
protein 11 (BIM), ↑apoptotic protease- 
activating factor 1 (APAF-1), ↑cytochrome c, 
↑HLA class II, ↓p-STAT3

Radwan 
et al. 
(2015)

​ Human pre-B acute lymphocytic 
leukemia (NALM-6), Burkitt 
lymphoma (Ramos, GA-10, CA-46, 
and Daudi), non-Hodgkin’s 
lymphoma (Toledo and DB) cell lines, 
and Human Epstein-Barr virus (EBV)- 
transformed B-lymphoblastoid cell 
lines (B-LCL)

5, 10, 20, 
40 mM

​ ​

​ Human meningioma cell lines 
(IOMM-Lee, CH157MN)

25 μM ↓Wnt5α/β, ↓β-catenin, ↑p-GSK3β, ↓AKT, ↓Bcl- 
xL, ↓Mcl-1, ↑Bax, ↑caspase-3

Das et al. 
(2015)

​ A549 and HeLa Cell lines 0.5, 2.5, 
5, 10 μM

↑caspase-3, ↓MMP Bashir et al. 
(2024)

​ U251 GBM cells 20 mg/ 
mL

↓Bcl-2, ↑Bax, ↑caspase-3, ↑beclin 1, 
↑microtubule-associated proteins 1A/1B 
light-chain (LC) 3 II, ↓p-62, ↓p-AKT, ↓p- 

Cheng and 
Xie (2019)

(continued on next page)
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Table 2 (continued )

Pharmacological effects In vivo In vitro Dosage Mechanisms Reference

mammalian target of rapamycin (mTOR), ↓p- 
70 kDa ribosomal protein S6 kinase 
(P70S6K), ↓cyclin D1

IOMM-LEE orthotopically 
xenografted SCID mice

​ 10 mg/ 
kg

↑N-myc downstream-regulated gene 2 
(NDRG2), ↓NDRG2 promoter methylation, 
↑Bax, ↓MMP-9, ↓p-phosphoinositide-3-kinase 
(PI3K), ↓p-AKT, ↓p-mTOR, ↓Wnt-2

Das et al. 
(2020)

​ IOMM-Lee cell lines 25 μM ​ ​
Xenograft tumor 
modeling in BALB/c nude 
mice

​ 1 g/kg ↓circRNA flamin A (circFLNA), ↓cytochrome 
P450 family 1 subfamily A member 1 
(CYP1A1), ↓X-ray repair cross- 
complementing 1 (XRCC1), ↑miR-486-3p

Gong et al. 
(2024)

​ A549 cells 80 μM ​ ​
​ Human nasopharyngeal carcinoma 

5–8 F cells (NPC 5–8 F cells)
1 mM, 
10 μM

↓Epstein-Barr virus (EBV) early antigen (EA), 
↓EBV capsid antigen (CA), ↓telomerase

Zheng and 
Chen 
(2017)

Neuropsychopharmacological 
effects

AD mouse model ​ 100 mg/ 
kg

↓amyloid-β (Aβ) 42, ↑autophagy-related 5 
(ATG5), ↑beclin 1, ↑microtubule-associated 
proteins 1A/1B LC3B (Map1lc3b), ↑p-Axl 
receptor tyrosine kinase (Axl), ↑p-CDC42- 
activated kinase 1 (Pak1)

Qi et al. 
(2021)

​ BV2 microglial cells 20 μM ​ ​
​ HT22 cells 40, 60 

μmol/L
↓p16, ↓p21, ↓Hmgal, ↑ATG5, ↑Beclin 1, 
↓LC3B I/II, ↓p-AKT, ↓p-mTOR, ↑Bcl-2, ↓Bax, 
↓C-caspase-3

Shen et al. 
(2021)

​ PC12 cells 12.5, 25, 
50 μg/ 
mL

↓Bax, ↓Bad, ↓caspase-3, ↓p-tau (S199), ↓p-tau 
(T231)

Cui et al. 
(2023)

AD mice ​ 20 mg/ 
kg

↓IL-17A, ↓IL-6, ↓p-JAK2, ↓p-STAT3, 
↓retinoid-associated orphan receptor-γt 
(ROR-γt), ↑IL-10, ↑IL-35, ↑transforming 
growth factor-β (TGF-β) 1, ↑forkhead box p3 
(Foxp3)

Zhang et al. 
(2021)

​ Mouse cortical microglia cells 10, 20, 
50, 100 
μg/ml

↓IL-1β, ↓IL-6, ↓TNF-α, ↓p-IκBα, ↓NF-κB (p65) Chi et al. 
(2018)

​ Hippocampal neuronal cells of Wistar 
rats

10, 20, 
30, 40, 
50 μg/ml

↑SOD, ↓MMP Jiang et al. 
(2018)

Epileptic rat model ​ 10 mg/ 
kg

↓calcium-sensing receptor (CaSR), ↓p-c-Jun 
N-terminal kinase (JNK), ↓p-p38, ↓Bax, 
↓cleaved caspase-3, ↑p-extracellular signal- 
regulated kinase (ERK), ↑Bcl-2

Pang et al. 
(2022)

Rat model of PSD ​ 10, 20, 
30 mg/ 
kg

↑brain-derived neurotrophic factor (BDNF), 
↑nerve growth factor (NGF), ↓TNF-α, ↓IL-1β, 
↓IL-6, ↑IL-10, ↓iNOS, ↓CD86, ↑arginase-1 
(Arg-1), ↑CD206, ↑p-ERK, ↑p-cAMP-response 
element-binding protein (CREB)

Zhang et al. 
(2021)

Tail suspension, forced 
swim, and chronic social 
defeat stress (CSDS) 
depression models.

​ 0.5, 1, 
2.5 mg/ 
kg

↓farnesoid X receptor (FXR), ↓nucleotide- 
binding domain leucine-rich repeat pyrin 
domain containing 3 (NLRP3), ↓pro-caspase- 
1, ↓caspase-1, ↓pro-IL-1β, ↓IL-1β, ↑α-amino- 
3-hydroxy-5-methyl-4-isoxazole-propionic 
acid (AMPA), ↑p-GluA1, ↑GluA1, ↑GluA2

Bao et al. 
(2021)

​ Murine BV2 microglial cell line 50 μg/ml ↓FXR, ↓IL-1β, ↓IL-6, ↓TNF-α, ↑BDNF, ↓iNOS, 
↑Arg-1

Jia et al. 
(2021b)

Cuprizone (CPZ) mouse 
model and EAE mouse 
demyelination model

​ 1, 2.5, 5 
mg/kg

↓FXR, ↑IL-4, ↑BDNF, ↓IL-6, ↓IL-1β Jia et al. 
(2021a)

​ SH-SY5Y and PC12 cell lines 10 μM ↓NO, ↑adrenaline (AD), ↑norepinephrine 
(NE)

Yu et al. 
(2020)

Hepatoprotective effects CP-induced 
hepatotoxicity in mice

​ 20, 40 
mg/kg

↓IL-1β, ↓IL-6, ↓TNF-α, ↓alanine 
aminotransferase (ALT), ↓aspartate 
aminotransferase (AST), ↓Txnip, ↓p-NF-κB, 
↓p-IκBα, ↓Bax, ↓caspase-3, ↓caspase-9, 
↑thioredoxin (Trx), ↑Bcl-2

Xu et al. 
(2019)

HFD-induced NAFLD in 
rats

​ 20, 40 
mg/kg

↓AST, ↓ALT, ↓TBIL, ↓cholesterol (TC), 
↓triglyceride (TG), ↑high-density lipoprotein 
cholesterol (HDL-C), ↓TNF-α, ↓IL-1β, ↓IL-6, 
↓liver x receptor (LXRs), ↓acetyl-CoA 
carboxylase (ACC) 1, ↓fatty acid synthase 
(FAS), ↑sterol regulatory element-binding 
protein (SREBP)-1c, ↑AMP-activated protein 
kinase (AMPK), ↑peroxisome proliferator- 
activated receptor (PPAR) α, ↑peroxisome 

Liu et al. 
(2020)

(continued on next page)
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Table 2 (continued )

Pharmacological effects In vivo In vitro Dosage Mechanisms Reference

proliferator-activated receptor γ coactivator 
1-α (PGC-1α), ↓PPARγ, ↓p-NF-κB, ↓p-IκBα

HFHC diet-induced NASH 
model

​ 25, 50 
mg/kg

↓TG, ↓TC, ↓low-density lipoprotein 
cholesterol (LDL-C), ↓ALT, ↓AST, ↓IL-1β, 
↓TNF-α, ↓IL-6, ↓α-smooth muscle actin 
(α-SMA), ↓TGF-β, ↓MMP-13, ↓MDA, ↑SOD, 
↓GRP78, ↓p-eIF-2α, ↓p-JNK, ↑ERp57, ↑p- 
AKT, ↑p-mitogen-activated protein kinase 
(MAPK)

Zhu et al. 
(2022)

Alcohol-induced liver 
injury in mice

​ 10, 20, 
40 mg/ 
kg

↓TG, ↓TC, ↓LDL-C, ↓ALT, ↓AST, ↓lactate 
dehydrogenase (LDH), ↓MDA, ↑catalase 
(CAT), ↑SOD, ↑alcohol dehydrogenase 
(ADH), ↑aldehyde dehydrogenase (ALDH), 
↑GSH, ↓acetyl-CoA acetyltransferase 2 
(ACAT2), ↓ACC1, ↓cluster of differentiation 
36 (CD36), ↓CCAAT/enhancer binding 
protein alpha (C/EBP-α), 
↓hydroxymethylglutaryl-CoA reductase 
(HMGCR), ↓SREBP-1c, ↓cytochrome 
P4502E1 (CYP2E1), ↑acyl-CoA oxidase 1 
(ACOX1), ↑acyl-CoA synthetase long-chain 
family member 1 (ACSL1), ↑bile salt export 
pump (BSEP), ↑cholesterol 7α hydroxylase 
(CYP7A1), ↑LDL receptor (LDLR), ↑Na 
+/taurocholate cotransporting polypeptide 
(NTCP), ↑PPARα

Lv et al. 
(2022)

HFD-induced obese 
mouse model

​ 25, 50 
mg/kg

↓SREBP, ↓TG, ↓TC, ↓LDL-C, ↑HDL-C, ↓ALT, 
↓AST, ↑uncoupling protein 1 (UCP-1), 
↑lipoprotein lipase (LPL), ↑adiponectin, 
↓FAS, ↓SCD-1, ↓HMGCR, ↓ fatty acid synthase 
(FASN), ↓acetyl-CoA synthetase (ACS), ↓ACC, 
↓ACL, ↓FASD-2, ↓HMGCS, ↓LDLR, ↓farnesyl 
diphosphate synthase (FDPS), ↑ sterol 
regulatory element-binding proteins (SRBI), 
↑LPL, ↑ApoE, ↓glucose-6-phosphate 
dehydrogenase (G-6-PD), 
↓phosphoenolpyruvate carboxkinase 
(PEPCK)

Zhu et al. 
(2018)

​ HL-7702 cells 10, 20 
μM

​ ​

HFD-fed hyperlipidemic 
mice

​ 15, 75 
mg/kg

↓TG, ↓TC, ↓LDL-C, ↓nonesterified free fatty 
acids (NEFA), ↓bile acids (BAs), ↓PPARα, 
↓SREBP-1c, ↓C/EBPα, ↓FAS, ↓ACC1, ↓fatty 
acid transporter protein (FATP), ↓CD36, 
↓HMGCR, ↓ACAT2, ↑CYP7A1, ↑NTCP, ↑FXR, 
↑LDLR, ↑ACOX1

Guo et al. 
(2020)

Cardiovascular protective 
effects

​ Human monocytes (THP-1) 20, 50, 
70 μM

↓TNF-α, ↓IL-1β, ↓IL-6, ↓NF-κB p65, ↓ROS, 
↓MDA, ↓TC, ↓scavenger receptors class A (SR- 
A), ↓lectin-like oxidized LDL 1 receptor (LOX- 
1), ↓Notch1, ↓PPARγ, ↓CD36

Wang and 
Lu (2021)

MIR rat model ​ 20, 40 
mg/kg

↓LDH, ↓creatine Kinase (CK), ↓TNF-α, ↓IL-1β, 
↓IL-6, ↓p-JAK2, ↓p-STAT3, ↓p-NF-κB

Zhang et al. 
(2020)

Renoprotective effects CCl4-induced kidney 
injury in mice

​ 25, 50 
mg/kg

↓MDA, ↑GSH, ↑SOD, ↑GPx, ↑TrxR, ↑Trx, ↓NF- 
κB (p-p65), ↓TNF-α, ↓IL-6, ↓p-JAK2, ↓p- 
STAT3, ↓ras homolog family member A 
(RhoA), ↓Rho-associated protein kinase 
(ROCK) 2, ↓TGF-β1, ↓p-mothers against 
decapentaplegic homolog 3 (Smad) 3

Ma et al. 
(2021)

​ HK-2 cells (human proximal tubular 
epithelial cells)

100 μg/ 
mL

↓fibronectin, ↓α-SMA Geng et al. 
(2020)

kidney-specific Pkd1 
knockout (kPKD) mice

​ 50 mg/ 
kg

↓B-raf, ↓p-ERK, ↓early growth response 
protein 1(Egr-1), ↓c-fos, ↑Raf-1, 
↓proliferating cell nuclear antigen (PCNA)

Meng et al. 
(2020)

​ Madin-Darby canine kidney (MDCK) 
cells

6.25, 25, 
100 μM

​ ​

Lung protective effects LPS-induced acute lung 
injury in mice

​ 20, 40 
mg/kg

↓myeloperoxidase (MPO), ↓MDA, ↑SOD, 
↓TNF-α, ↓IL-1β, ↓IL-6, ↓ROCK-I, ↓ROCK-II, 
↓p-p65, ↓p-IκBα, ↑RhoA

Wan et al. 
(2019)

Bleomycin-induced lung 
fibrosis in mice

​ 25, 50 
mg/kg

↓MPO, ↓MDA, ↑SOD, ↓TNF-α, ↓IL-1β, ↓IL-6, 
↓TGF-β, ↓p-Smad3, ↓p-IκBα, ↓p-NF-κB

Wen et al. 
(2020)

Other pharmacological effects ​ Human lens epithelial cell line 
(SRA01/04 cells)

100 
μmol/L

↓cleaved caspase-3, ↓Bax, ↑Bcl-2, ↓MDA, 
↑SOD, ↑p-PI3K, ↑p-AKT

Kang et al. 
(2020)

FD rat model ​ 40 mg/ 
kg

↑motilin (MTL), ↑gastrin (GAS), 
↑somatostatin (SS), ↓vasoactive intestinal 
peptide (VIP), ↓leptin, ↓calcitonin gene- 
related peptide (CGRP), ↑occludin, ↑zonula 

Yang et al. 
(2022)

(continued on next page)
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Prediction (http://www.swisstargetprediction.ch/) and obtained 100 
target genes (Supplementary Table S1). Subsequently, a PPI network 
was produced for all target genes using STRING (https://cn.string-db. 
org/) (Fig. 8A), and the PPI network cores were screened by Cyto
scape (Shannon et al., 2003) software (Fig. 8B).

The PPI network contains 97 nodes and 592 edges. The darker a 
protein node appears, the more connections it has, indicating it is more 
likely to play a role. In the network, MAPK3, TNF, caspase-3 (CASP3), 
peroxisome proliferator-activated receptor gamma (PPARG), β-catenin 
(CTNNB1), estrogen receptor 1 (ESR1), and nuclear receptor subfamily 3 
group C member 1 (NR3C1) were the core targets. The identification of 
these core targets provides a comprehensive understanding of the 
multifaceted pharmacological activities of GAA, as discussed in previous 
sections. MAPK3 and TNF are pivotal in mediating inflammatory re
sponses, with GAA exerting its anti-inflammatory effects by down
regulating the MAPK3 signaling pathway and suppressing TNF-α 
expression (Cao et al., 2020; Jia et al., 2021b; Meng et al., 2020; Pang 
et al., 2022; Wang et al., 2022; Wang and Lu, 2021; Wen et al., 2020; 
Zhang et al., 2020; Zheng et al., 2022; Zhu et al., 2022). In metabolic 
regulation, GAA suppresses inflammation, reduces oxidative stress, and 
improves lipid homeostasis through PPARG, exerting 
anti-atherosclerotic effects and offering therapeutic potential for meta
bolic diseases (Wang and Lu, 2021). Additionally, CASP3 and CTNNB1 
contribute to GAA’s anti-tumor properties, with studies showing that 
GAA induces apoptosis through caspase-3 activation and inhibits tumor 
proliferation by modulating the Wnt/β-catenin signaling pathway 

(Bashir et al., 2024; Cheng and Xie, 2019; Das et al., 2015; Gill et al., 
2018; Liu et al., 2024; Pang et al., 2022; Radwan et al., 2015; Wang 
et al., 2017). Furthermore, TNF and CASP3 also play significant roles in 
the treatment of neurological disorders by GAA (Jia et al., 2021b; Pang 
et al., 2022).

In summary, as predicted by network pharmacology, GAA shows 
potential therapeutic effects in inflammation, tumors, neurological dis
eases, and metabolic diseases. These conditions remain major public 
health challenges with limited effective treatments. While chemical in
terventions are widely used, they often cause side effects like organ 
damage and drug resistance. Naturally derived compounds like GAA 
offer a promising alternative. Although ESR1 and NR3C1 have not been 
thoroughly studied in relation to GAA, their presence in the core 
network suggests potential roles in mediating GAA’s effects on hormone- 
related diseases and stress responses. These findings highlight GAA’s 
potential as a multi-target therapeutic agent, though further research is 
needed to fully understand its mechanisms and applications. Overall, 
GAA demonstrates significant pharmacological potential in addressing 
these complex diseases.

6.2. Molecular docking analysis

The GeneCards database (https://www.genecards.org/) was 
employed to summarize genes associated with diseases potentially 
treatable by GAA. Initially, we summarized the genes related to major 
inflammatory diseases treated with GAA, including rheumatoid arthritis 

Table 2 (continued )

Pharmacological effects In vivo In vitro Dosage Mechanisms Reference

occluden-1 (ZO-1), ↑junctional adhesion 
molecule-1 (JAM-1)

Ovariectomized (OVX) 
mouse model

​ 50 mg/ 
kg

↓ROS, ↓GRP78, ↓ATF6α, ↑CAT, ↑glutathione 
peroxidase 1 (GPx1), ↑UCP-1, ↑SOD1, 
↑SOD2, ↑SOD3, ↓caspase-3, ↓caspase-7, 
↓intercellular adhesion molecule 1 (ICAM-1), 
↓methyl-accepting chemotaxis protein I 
(MCP-1), ↓NLRP3

Zhu (2023)

Fig. 3. Molecular pathways involved in the antitumor pharmacological effects of GAA. GAA exerts potent antitumor effects through the regulation of JAK/STAT3, 
NF-κB, Wnt/β-catenin, PI3K/AKT, and AKT/mTOR signaling pathways.
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and osteoarthritis. After removing duplicate genes, a total of 9722 genes 
were retained. Subsequently, using the same search criteria and 
methods, we summarized genes associated with major cancers, such as 
breast cancer, prostate cancer, HCC, lung cancer, GBM, osteosarcoma, 
and lymphoma, resulting in 28,549 genes. Furthermore, genes linked to 
major neurological diseases, including AD, epilepsy, depression, neu
roinflammation, and PD, were retrieved, yielding 26,383 genes. Addi
tionally, genes associated with major metabolic diseases, such as 
NAFLD, MS, and AS, were collected, totaling 22,635 genes. As illustrated 
in Fig. 8C–F, the overlap between GAA target genes and disease-related 
genes was analyzed using Venny 2.1.0 (https://bioinfogp.cnb.csic. 
es/tools/venny/).

We utilized the bioinformatics online server (https://www.bioinfo 
rmatics.com.cn/) to perform GO and KEGG enrichment analysis on all 
100 target genes of GAA (Fig. 9). GO enrichment analysis was mainly 
based on three categories: biological process (BP), cellular component 
(CC), and molecular function (MF). Histograms and bubble plots of GO 
analysis are shown in Fig. 9A and C. The top 10 items with BP, CC, and 
MF scores were listed based on the P score. To gain insight into the 
molecular mechanism of disease treatment by GAA, 114 signaling 
pathways were obtained by KEGG enrichment analysis (Supplementary 
Table S2), and the top 30 key signaling pathways were listed in histo
grams and bubble plots (Fig. 9B and D).

GO analysis revealed the multifaceted roles of GAA target genes in 
cell biology. These genes not only participate in the positive regulation 
of neuronal apoptosis and fine regulation of gene expression, but also 
respond to external stimuli. Through their localization in the nucleus 
and cytoplasm, they exert key functions such as transcriptional regula
tion and enzyme activity, thus playing a significant role in cell signaling 
and disease development. These genes play an important role in cell 
signaling and disease pathogenesis by regulating the modification of key 
proteins in cells. KEGG analysis indicates that GAA target genes may 
have a role in crucial biological processes, including cancer-related 
pathways, lipid metabolism and atherosclerosis, apoptosis, and the 
TNF signaling pathway. These findings highlight the complexity of GAA 
target genes in the regulation of cellular and organismal functions and 
their potential applications in disease therapy.

The TNF signaling pathway is a critical pathway regulating inflam
matory responses, cell apoptosis, and immune modulation. The TNF 
signaling pathway, which has been frequently mentioned in published 
studies and scored highly in KEGG analysis, has already been validated 
as an important pathway for GAA in treating diseases. Research has 
shown that GAA significantly alleviates inflammatory responses and 
cellular damage by inhibiting the expression of TNF-α and its down
stream signaling, providing a molecular basis for GAA’s therapeutic 
effects in inflammation-related diseases. Pathways in cancer and lipid 
and atherosclerosis also achieved high scores in the KEGG analysis. 
Combined with the core targets identified in the PPI network, TNF and 
MAPK are implicated in the anti-inflammatory effects of GAA, further 
supporting its therapeutic potential in inflammation-related diseases, 
while CASP3 and CTNNB1 are implicated in cancer-related mechanisms, 
and PPARG shows potential in regulating metabolic diseases. Although 
there is no fixed standard, it has been reported that the binding energy of 
docking molecules can be spontaneously combined below 0 kJ/mol. 
According to previous studies, docking results with binding energies 
lower than − 5.0 kJ/mol are often associated with good binding capac
ity, while those lower than − 7.0 kJ/mol are suggested to represent 
excellent binding capacity (Gao et al., 2022).

Subsequently, the crystal structures of these target proteins were 
downloaded from the UniProt protein database (https://www.uniprot. 
org/). We used AutoDock Vina 1.1.2 software (Trott and Olson, 2010) 
for molecular docking of GAA (PubChem CID: 471002) with the pro
teins. The proteins were pre-treated with PyMOL 2.4 (https://www. 
pymol.org/) (removing water molecules and unwanted ligands, and 
adding hydrogen atoms). AutoDock Tools 1.5.6 was used to generate 
PDBQT files for docking simulations. The docking results were set to 
output the top 9 optimal docking positions. The docking conformation 
with the lowest binding energy and the highest clustering frequency was 
considered to be the most potential binding mode between the ligands 
and proteins. Finally, we used PLIP (Adasme et al., 2021) and PyMOL 
2.4 software to visualize the docking results (Fig. 10). In this way, we 
could visually observe the binding of the ligand to the receptor and 
further analyze the stability and interactions of the complex.

Molecular docking results showed that the binding energies of 

Fig. 4. Molecular pathways involved in the non-antitumor pharmacological effects of GAA. GAA exerts significant anti-inflammation, antioxidant, neuro
psychopharmacological activities, hepatoprotective, cardiovascular protective, renoprotective, and lung protective effects by regulating these signal trans
duction pathways.
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CTNNB1 was − 6.7 kJ/mol, respectively, showing good binding ability; 
the binding energies of TNF, CASP3, PPARG, and MAPK3 were − 7.3 kJ/ 
mol, − 7.9 kJ/mol, − 7.9 kJ/mol, and − 8.7 kJ/mol,showing excellent 
binding ability.

CASP3 is an effector cysteine protease that plays a central role in the 
execution phase of apoptosis. When cells receive apoptotic signals, 
CASP3 is activated to cleave a variety of intracellular substrates, leading 
to morphological changes and programmed cell death (Vaughan et al., 
2002). Activation of CASP3 triggers a series of downstream events, 
including the cleavage of a variety of cytoskeletal proteins and nuclear 
proteins such as inhibitors of caspase-activated DNase (ICAD), poly 
(ADP ribose) polymerase (PARP), DNA-dependent protein kinase cata
lytic subunit (DNA-PKcs), and retinoblastoma protein (RB) (Dou, 1998; 
Nagata, 2000; Pajonk et al., 2005; Tarquini et al., 2014). These lysis 
events directly promote cellular morphological changes and pro
grammed cell death. According to research reports, GAA has antitumor 
properties, and through molecular docking studies, we found that GAA 
forms hydrogen bonds, hydrophobic interactions, or other types of 
non-covalent interactions with specific amino acid residues LYS-278, 
PHE-280, ILE-242, ILE-282, ARG-286, GLY-241, and LEU-258 at the 
active site of CASP3. The interaction between GAA and LYS-278 may 
form key hydrogen bonds, which play a crucial role in regulating CASP3 

activity. GAA may promote the activation of CASP3 by stabilizing or 
altering its conformation, thereby cleaving downstream proteins such as 
ICAD, PARP, DNA-PKcs, and RB, leading to the destruction of cell 
structure and loss of cell function, triggering cell apoptosis, and ulti
mately exerting antitumor effects. In the future, by gaining a deeper 
understanding of the molecular mechanisms between GAA and CASP3, 
new strategies may be developed to enhance CASP3’s ability to induce 
apoptosis, providing more precise and effective means for tumor treat
ment. This is not only expected to improve treatment efficacy but may 
also bring new hope for the treatment of cancer patients who have 
developed resistance to existing therapeutic drugs, opening a new 
chapter in cancer treatment.

PPARG, a member of the nuclear receptor superfamily, plays a 
crucial role in inflammatory response (Yang et al., 2020). In cells, 
PPARG forms heterodimers by binding to its ligands and binds to the 
retinoid X receptor (RXR) to the PPAR-responsive element (PPRE) on 
DNA, thereby promoting gene transcription and regulating the expres
sion of many genes. The activation of PPARG can inhibit the activity of 
downstream signaling pathways such as NF-κB and MAPK, reduce the 
production of inflammatory mediators TNF-α and IL-6, and thus reduce 
the inflammatory response. According to research reports, GAA has 
anti-inflammatory effects. Through molecular docking, we found that 

Fig. 5. Mechanisms of protective action of GAA against neurological and psychiatric disorders.
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GAA can form hydrogen bonds, hydrophobic interactions, or other types 
of non-covalent interactions with specific amino acid residues LYS-240, 
THR-241, THR-242, ASP-337, PHE-347, THR-349, and LEU-237 of 

PPARG. The interaction between GAA and PPARG may affect the sub
strate recognition and binding ability of PPARG, thereby regulating its 
control of inflammatory response genes. GAA may exert 

Fig. 6. The hepatoprotective mechanism of GAA.

Table 3 
Pharmacokinetic parameters of GAA.

Pharmacokinetic parameters References

Method of 
administration

Species Plasma/ 
Brain

Dose (mg/ 
kg, 
equivalent 
to GAA)

Tmax 
(h)

AUC0-t 
(a: 
μmol*h/ 
L; b: 
ng*h/ 
mL)

AUC0-∞ 
(a: 
μmol*h/ 
L; b: ng* 
h/mL)

t1/2 (h) Vd/F 
(L/kg)

CL/F 
(L/ 
kg/h)

Cmax 
(a: ng/ 
mL; b: 
μmol/ 
L)

MRT (a: 
MRT0-t 
(h); b: 
MRT0- 
∞ (h); c: 
MRT 
(h))

Oral Rats 
(male, 
Wistar)

Plasma 25 4 332730 
± 0.21 
(b)

N/A 1.65 ± 0.00 N/A N/A 440 ±
0.03 
(a)

2.43 ±
0.02 (a)

Rahman et al. 
(2021)

Oral Rats 
(male, SD)

Plasma 20 0.15 
±

0.03

1.24 ±
0.36 (a)

1.35 ±
0.46 (a)

2.46 ± 0.75 106.24 
± 26.42

32.38 
±

13.45

0.91 
± 0.57 
(b)

3.31 ±
1.11 (a); 
4.11 ±
1.65 (b)

Cao et al. (2017b)

i.v. Rats 
(male, SD)

Plasma 20 N/A 14.31 ±
4.54 (a)

14.34 ±
4.54 (a)

2.40 ± 0.35 10.21 
± 3.47

2.91 
±

0.81

N/A 0.16 ±
0.04 (a); 
0.19 ±
0.06 (b)

Cao et al. (2017b)

i.v. Rats 
(male, SD)

Brain 20 0.25 
±

0.00

0.42 ±
0.11 (a)

0.45 ±
0.09 (a)

1.40 ± 0.93 190.61 
±

146.36

89.21 
±

16.21

0.61 
± 0.18 
(b)

0.80 ±
0.30 (a); 
1.17 ±
0.51 (b)

Cao et al. (2017b)

Oral Healthy 
male 
volunteers

Plasma 1417.80 ±
40.74

0.54 
±

0.18

9.58 ±
4.08 (b)

10.53 ±
4.32 (b)

0.62 ± 0.17 N/A N/A 10.99 
± 4.02 
(a)

N/A Teekachunhatean 
et al. (2012)

Oral Healthy 
male 
volunteers

Plasma 1417.80 ±
40.74

0.54 
±

0.10

1.93 ±
0.96 (b)

2.71 ±
1.09 (b)

0.66 ± 0.33 N/A N/A 2.24 
± 1.31 
(a)

N/A Tawasri et al. 
(2016)

Oral: oral administration; i.v.: intravenous administration; N/A: not applicable.

Q. Sui et al.                                                                                                                                                                                                                                      Journal of Ethnopharmacology 349 (2025) 119868 

17 



anti-inflammatory effects by activating PPARG, inhibiting the activity of 
downstream NF-κB and MAPK, and reducing the production of TNF-α 
and IL-6. This mechanism may involve precise regulation of inflamma
tory response, providing a molecular level explanation for the potential 
application of GAA in the treatment of inflammatory diseases. With 
further research on the interaction between GAA and PPARG, we look 
forward to revealing more potential and applications of this natural 
product in the treatment of inflammatory diseases.

MAPK3, also known as ERK1, is a key component of the MAPK/ERK 
signaling pathway, which regulates cellular processes such as prolifer
ation, differentiation, and survival (Zhang and Liu, 2002). MAPK3 is 
activated through a cascade of phosphorylation events initiated by up
stream signals, such as growth factors or cytokines, and subsequently 
phosphorylates a variety of downstream substrates, including tran
scription factors and other kinases, to modulate gene expression and 
cellular responses (Pearson et al., 2001). The activation of MAPK3 is 
crucial for transmitting extracellular signals to the nucleus, where it 
influences the expression of genes involved in cell cycle progression, 
apoptosis, and inflammation (Chang and Karin, 2001). Dysregulation of 
MAPK3 signaling has been implicated in various diseases, including 

cancer, inflammatory disorders, and metabolic syndromes (Dhillon 
et al., 2007). According to research reports, GAA exhibits 
anti-inflammatory and anti-tumor properties. Through molecular 
docking studies, we found that GAA can form hydrogen bonds, hydro
phobic interactions, or other types of non-covalent interactions with 
specific amino acid residues such as LYS-54, THR-105, LEU-103, ILE-84, 
and ILE-31 at the active site of MAPK3. The interaction between GAA 
and LYS-54 may form key hydrogen bonds, which play a crucial role in 
regulating MAPK3 activity. GAA may inhibit the activation of MAPK3 by 
stabilizing or altering its conformation, thereby suppressing down
stream signaling pathways such as NF-κB and reducing the production of 
inflammatory mediators like TNF-α and IL-6 (Zhu et al., 2022). This 
mechanism may provide a molecular-level explanation for the potential 
application of GAA in the treatment of inflammatory diseases and can
cer. In the future, by gaining a deeper understanding of the molecular 
mechanisms between GAA and MAPK3, new strategies may be devel
oped to modulate MAPK3 signaling, offering more precise and effective 
means for treating diseases associated with MAPK3 dysregulation.

Finally, it is crucial to determine the precise objectives and working 
principles of GAA. This includes a comprehensive screening of potential 

Fig. 7. Structure diagrams of GAA derivatives.

Fig. 8. Network pharmacology revealed the targets characteristics of GAA. (A) The PPI network based on targets of GAA, (B) PPI protein network cores, (C) Venn 
diagram of common targets of GAA for inflammatory diseases, (D) Venn diagram of common targets of GAA for cancer, (E) Venn diagram of common targets of GAA 
for neurological diseases, and (F) Venn diagram of common targets of GAA for metabolic diseases.
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GAA targets using techniques such as target capture and molecular 
docking. These preliminary findings need to be confirmed through 
methods such as co-crystallization of small molecules and proteins, gene 
editing techniques, and various biochemical assays. These methods will 
help reveal the actual molecular targets and specific pathways of GAA 
treatment for multiple diseases.

7. Conclusion and future perspectives

Traditional Chinese medicine (TCM) constitutes an invaluable asset 
of Chinese civilization, having contributed significantly to the prosperity 
of the Chinese nation throughout history (Cheung, 2011; Hesketh and 
Zhu, 1997). In recent years, there has been significant progress in 
material-based research on human diseases and clinical efficacy evalu
ation of TCM (J.G. Wang et al., 2018). This development has opened up 
new avenues for the scientific validation of TCM’s therapeutic potential 
and has facilitated its integration into contemporary health practices. 
For example, TCM such as Fuzhenghuayu capsules, are designed to 
promote liver health by harmonizing the body’s internal balance. 
Meanwhile, other Chinese patent medicines, represented by the Lian
huaqingwen capsule, are gradually showing the unique advantages of 
TCM in the treatment of COVID-19 (Hu et al., 2021; Li et al., 2020). In 

addition, monomer components such as oxymatrine, tanshinone, and 
artemisinin have also received attention for their antiviral, 
anti-inflammatory, and immunomodulatory potential (Huan et al., 
2023; Li et al., 2020; Talman et al., 2019). The research of these 
monomer components not only enriches the scientific connotation of 
Chinese medicine, but also provides a new opportunity for the discovery 
of drugs with good efficacy and low side effects, which will bring hope to 
human health.

GAs are composed of ganoderic acids A-Z, among which ganoderic 
acids A, B, C2, D, DM, F, H, S, X, and Y (Fig. 11) exert the main phar
macological activity. Ganoderic acids D, DM, F, H, S, and X mainly play 
antitumor activity (Bryant et al., 2017; Jiang et al., 2008; Li et al., 2005; 
Liu and Zhong, 2011; Luo et al., 2024). Ganoderic acids D, DM, F, and H 
can inhibit the growth and invasion of breast cancer cells (Jiang et al., 
2008; Luo et al., 2024; Wu et al., 2012). In addition to the above effects, 
ganoderic acid D has a potential antitumor effect on colon cancer and 
ovarian cancer (Cen et al., 2022; Liu et al., 2018), and ganoderic acid 
DM has a certain inhibitory effect on meningioma, lung cancer, and 
prostate cancer (Das et al., 2020; Johnson et al., 2010; Xia et al., 2020). 
Ganoderic acid B can play a role in lung preservation (Shi et al., 2020). 
In addition, ganoderic acid B and Y also have antiviral effects, such as 
HIV, EBV, and EV71 (Akbar and Yam, 2011; Zhang et al., 2014; Zheng 

Fig. 9. Bioinformatics analysis based on target genes of GAA. (A) The histogram diagram of GO analysis, (B) the histogram diagram of KEGG analysis, (C) the bubble 
diagram of GO analysis, and (D) the bubble diagram of KEGG analysis.
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and Chen, 2017). Ganoderic acid C2 has potential immunomodulatory 
and neuroprotective effects (Chen et al., 2012; Liu et al., 2023). Gano
deric acid Y is also an α-glucosidase inhibitor (X.Q. Chen et al., 2018). In 
comparison with other ganoderic acids, GAA has more extensive phar
macological activities. Therefore, GAA and its derivatives have been 
widely studied.

GAA is an important bioactive triterpenoid derived from Ganoderma 
lucidum. In recent decades, GAA has demonstrated a range of therapeutic 
effects, including anti-inflammatory, antioxidant, and antitumor prop
erties, as well as benefits for neurological and psychological health, liver 
health, cardiovascular function, kidney function, and lung health. For 
inflammatory diseases, GAA has shown significant anti-inflammatory 
effects in a variety of inflammatory models by regulating NF-κB, JAK/ 

STAT, and TLR signaling pathways. Its effective anti-inflammatory and 
antioxidant properties make it a valuable neuroprotective agent. In 
addition, GAA has significant advantages in antitumor activity. GAA 
exhibits a significant capacity to curb cancer cell proliferation, prevent 
invasion, and trigger apoptosis via multiple mechanisms, offering 
promising prospects in the fight against cancer. In terms of neuro
protective effects, GAA exerts its protective role in a variety of neuro
degenerative diseases by regulating the FXR receptor, AKT/mTOR 
signaling pathways, Notch signaling pathway, Wnt signaling pathways, 
immune cells, and the production of inflammatory cytokines. The 
therapeutic potential of GAA for AD, depression, and epilepsy has been 
demonstrated in several animal studies. GAA alleviates the harmful ef
fects of oxidative stress and inflammation on brain function by exerting 

Fig. 10. Molecular docking of core proteins. (A) GAA-CTNNB1, (B) GAA-TNF, (C) GAA-CASP3, (D) GAA-PPARG, and (E) GAA-MAPK3.

Fig. 11. Structure diagrams of main ganoderic acids. The chemical structures of compounds were derived from PubChem (https://pubchem.ncbi. nlm.nih.gov/).
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anti-inflammatory and antioxidant activities. The main biological ac
tivities and some possible molecular mechanisms are summarized in 
Fig. 12. This study provides a reference for future GAA research and 
development.

Network pharmacology and molecular docking analyses have further 
elucidated the molecular mechanisms underlying GAA’s pharmacolog
ical effects. Through network pharmacology, we identified 100 target 
genes of GAA and constructed a PPI network, revealing core targets such 
as MAPK3, TNF, CASP3, PPARG, and CTNNB1. These targets are 
implicated in GAA’s anti-inflammatory, antitumor, neuroprotective, and 
metabolic regulatory effects. Molecular docking studies demonstrated 
strong binding affinities between GAA and key proteins, including TNF 
(− 7.3 kJ/mol), CASP3 (− 7.9 kJ/mol), PPARG (− 7.9 kJ/mol), and 
MAPK3 (− 8.7 kJ/mol), suggesting excellent binding capacity. These 
findings provide a molecular basis for GAA’s therapeutic effects and 
highlight its potential as a multi-target therapeutic agent.

The pharmacokinetic results of GAA vary depending on the route of 
administration, animal species, dose administered, and assay method. 
Overall, pharmacokinetic studies of GAA indicate that its oral 
bioavailability is low, making it difficult to use for disease prevention 
and treatment. This is an important question to address in future 
research. Increasing the oral bioavailability of GAA is essential to 
improve its efficacy in the treatment of diseases. Therefore, the oral 
bioavailability of GAA can be improved by chemical modification and 
combination therapy. These strategies are potentially beneficial in 
optimizing the therapeutic efficacy of GAA.

This study provides a comprehensive review and summary of the 
pharmacological activity and pharmacokinetic properties of GAA and 
will serve as a valuable resource for researchers and scientists in the field 
of drug discovery and development. The information provided in this 
study is expected to significantly contribute to the development of novel 
drugs and therapies from TCM monomers, thereby expanding the scope 
of natural product-based drug discovery. However, despite significant 

progress in research on GAA’s pharmacological activities, several limi
tations remain. While numerous in vitro and animal studies have 
demonstrated GAA’s antitumor, anti-inflammatory, and antioxidant ef
fects, clinical research is still lacking to validate its efficacy and safety in 
humans. Additionally, the precise molecular targets and mechanisms of 
action of GAA are not fully elucidated, and the causal relationship be
tween its pharmacological activities and therapeutic effects remains 
unclear. Future research should focus on addressing these gaps, partic
ularly through clinical trials, direct target validation, and mechanistic 
studies to establish a clearer understanding of GAA’s therapeutic 
potential.

GAA, a natural compound found in GL, has been shown to have a 
variety of biological activities with potential therapeutic applications. 
To give full play to the clinical potential of GAA, future research should 
focus on the following key areas: (1) Although GAA has shown a wide 
range of pharmacological activities, the exact mechanisms underlying 
some of its effects remain unclear. Future research needs to explore the 
mechanism of action of the GAA and its derivatives further, especially 
how they adjust different signaling pathways to exert their biological 
effect. (2) As single-drug therapy may face challenges such as insuffi
cient efficacy, large side effects, or drug resistance in many cases, it is of 
great clinical significance and application value to further study the 
combination of GAA with other drugs to explore the synergistic effect, 
improve the therapeutic effect, and reduce side effects and drug resis
tance associated with single-drug use. (3) Given the paucity of literature 
on GAA pharmacokinetics, future research needs to focus more on this 
area to provide useful information for the clinical application of GAA. 
(4) The oral bioavailability of GAA is low, which may be related to its 
structure and properties. Therefore, it can be improved by nanotech
nology or chemical modification to improve the solubility and stability 
of GAA, make it easier to be absorbed in the gastrointestinal tract, and 
reduce its decomposition and metabolism in vivo, thereby increasing the 
oral bioavailability and drug therapeutic potential of GAA.

Fig. 12. The main biological activities and possible molecular mechanisms of GAA.
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In summary, GAA research is progressing rapidly, and it can be 
predicted that in the coming years, GAA will receive more attention in 
the treatment of tumors, neurological diseases, inflammatory diseases, 
and other related diseases.
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