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A B S T R A C T   

Atherosclerosis (AS) is a chronic inflammatory disease resulting from dysregulated lipid meta
bolism, constituting the pathophysiological foundation of cardiovascular and cerebrovascular 
diseases. AS has a high incidence rate and mortality rate worldwide. As such, traditional Chinese 
medicine (TCM) has been widely used recently due to its stable therapeutic effect and high safety. 
Ganoderma lucidum polysaccharides (GLP) are the main active ingredients of Ganoderma luci
dum, a Chinese herbal medicine. Research has also shown that GLP has anti-inflammatory and 
antioxidant properties, regulates gut microbiota, improves blood glucose and lipid levels, and 
inhibits obesity. Most of the current research on GLP anti-AS is focused on animal models. Thus, 
its clinical application remains to be discovered. In this review, we combine relevant research 
results and start with the pathogenesis and risk factors of GLP on AS, proving that GLP can 
prevent and treat AS, providing a scientific basis and reference for the future prevention and 
treatment of AS with GLP.   

1. Introduction 

Atherosclerosis (AS) is a chronic and progressive vascular disease induced by various factors, such as an imbalance of lipid 
metabolism [1]. The pathogenesis of AS is complex, mainly involving inflammation, oxidative stress, and gut microbiota dysbiosis. 
Additionally, epidemiological investigations have revealed that hyperlipidemia, hyperglycemia, obesity, and other important risk 
factors related to AS [2]. Consequently, AS is a significant cause of increased cardiovascular disease morbidity and mortality 
worldwide. Therefore, studying the pathogenesis of AS and the effective prevention of its risk factors is substantial. 

With the development of modern medicine, significant progress has been made in the prevention and treatment of AS. Currently, 
there are two kinds of AS treatment measures. One is percutaneous transluminal coronary angioplasty (PTCA). However, it is prone to 
postoperative restenosis and bleeding symptoms [3]. The second is oral statins, which can reduce lipid deposition and effectively 
control the release of inflammatory factors, improve endothelial function, and improve the anti-AS efficacy [4]. However, statins are 
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prone to causing muscle pain and injury symptoms, leading to adverse reactions such as liver and kidney damage and elevated blood 
glucose levels [5]. Thus, we urgently need an anti-AS drug with few side effects and high efficacy. Ganoderma lucidum, also known as 
Reishi, is the dried fruiting body of either Ganoderma lucidum (Leyss. ex Fr.) Karst or Ganoderma sinense, in which both fungi belong 
to the family Polyporaceae. It is also known for its dual use in both medicine and food. Moreover, it has the efficacy of strengthening 
the body, nourishing and strengthening, prolonging life, and anti-aging. Recently, Ganoderma lucidum has been applied in the 
treatment of AS, and its main active ingredient Ganoderma lucidum polysaccharides (GLP), have been found to play an essential role in 
the anti-AS process [6]. Notably, modern medical research has shown that GLP plays a vital role in regulating lipid metabolism and has 
various pharmacological effects such as protecting the liver and nervous system, regulating immunity, anticancer, antioxidant, and 
controlling blood lipids and blood glucose [7]. 

This review primarily focuses on the treatment and prevention of AS by GLP, reviewing the direct and indirect protective effects of 
GLP on AS. This review aims to lay a foundation and provide direction for future research on GLP in the context of AS. 

2. Ganoderma lucidum polysaccharide 

Ganoderma lucidum polysaccharides (GLP), classified as homopolysaccharides and heteropolysaccharides, are polymeric macro
molecular carbohydrates consisting of not less than 10 monosaccharides linked by glycosidic bonds. Homopolysaccharides consist of a 
single glucose or galactose. In contrast, heteropolysaccharides consist of multiple monosaccharides in different proportions [8]. More 
than 200 polysaccharides have been isolated from Ganoderma lucidum substrates, Ganoderma lucidum spores and mycelium, mainly 
including β-D-glucan, α-D-glucan, α-D-mannan, Ganoderma lucidum proteoglycans, Ganoderma lucidum degradation poly
saccharides, and Ganoderma lucidum wall-breaking spore polysaccharides [9]. Studies have also demonstrated that the pharmaco
logical effects and biological activities of GLP are affected by the chemical structure, such as antioxidant activity when there is β-D-Glc 
p in the side chain and immunomodulatory activity when there is α-L-Fuc p in the side chain. Additionally, the magnitude of the 
antioxidant and immunomodulatory activities are affected by the monosaccharides; the greater the number of monosaccharides, the 
more significant the activity. Furthermore, the composition of the monosaccharides is regulated by the enzymes of the Ganoderma 
lucidum during the growth period, which plays an essential role in the GLP anti-AS effect [10]. 

3. The main mechanisms of GLP in the treatment of AS 

3.1. GLP is an antioxidant 

Studies have shown that plasma levels of oxidized low-density lipoprotein (ox-LDL) are positively correlated with the development 
of AS [11,12]. Moreover, it was found that plasma levels of reactive oxygen species (ROS), represented by H2O2 and ox-LDL, were 
significantly elevated in the plasma of mice modeling AS. It was also found that the superoxide produced by excessive ROS could lead 
to vascular dysfunction and accelerate the development of AS [13]. 

Wihastuti et al. showed that different doses of Ganoderma lucidum polysaccharide peptide (PSP) significantly reduced H2O2 and 
ox-LDL levels in T2DM rats compared to the high-fat diet (HFD) control group, suggesting that PSP can inhibit AS through antioxidant 
effects [14]. Wu and Zhao et al. also identified that GLP could reduce serum malondialdehyde (MDA) levels and oxidative stress 
indicators such as aortic ROS and down-regulate the expression of NADPH oxidase, which is closely related to ROS generation [15,16]. 
Thus, the research results indicate that GLP can exert antioxidant effects to treat AS by reducing H2O2, ox-LDL, and ROS levels. 

3.2. GLP repairs damaged endothelial cells 

Repair of endothelial dysfunction is also an essential mechanism for AS treatment by GLP. Endothelial dysfunction is considered the 
initiating factor and central aspect of AS. When cholesterol metabolism is disturbed, LDL-C is deposited in the vasculature, and ox-LDL 
induces macrophage adhesion to endothelial cells (EC), forming early atheromatous plaques [17]. Notably, endothelial progenitor 
cells (EPC) play a positive role in endothelial repair after injury, promoting the restoration of endothelial function and inhibiting 
plaque formation in AS progression [18]. The primary mechanism by which GLP repairs endothelial cells is by increasing the number 
of EPCs. 

Wihastuti et al. showed that PSP could increase the number of EPCs and improve endothelial dysfunction in rats. Likewise, they 
found that EPCs can also increase anti-inflammatory cytokines such as IL-10, inhibit the inflammatory response, and slow the AS 
process [19]. Circulating endothelial cells (CEC) are considered the only specific indicator in vivo that directly responds to vascular 
endothelial cell damage, and a higher number represents more severe EC damage [20]. As such, Sargowo et al. screened 34 stable 
angina and 37 high-risk patients according to the ESC guidelines for stable coronary artery disease and the Framingham risk score, with 
no control group, and administered PSP 750 mg/day in 3 divided doses for 90 consecutive days. The results showed that the CEC values 
of both groups were significantly reduced following PSP administration, suggesting that PSP can dramatically improve endothelial 
dysfunction [21]. Interestingly, the values of EPC were considerably reduced in both groups following PSP administration, which is 
likely due to the reduced degree of EC injury when patients undergo PSP administration. High turnover is no longer required to 
maintain cellular homeostasis and, therefore, does not induce an increase in EPC either. Furthermore, a study on the number of EPCs in 
patients with myocardial infarction found that their EPC values returned to baseline levels within 60 days [22]. Therefore, whether the 
number of EPCs is negatively correlated with the development of AS remains in question. Thus, GLP’s mechanism of action on EPCs 
still needs to be investigated with large sample sizes and more in-depth studies. 
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3.3. GLP is anti-inflammatory 

Studies have shown that macrophages can be polarized into M1 and M2 types, release pro-inflammatory and anti-inflammatory 
factors, respectively, and transform into each other under certain conditions [23]. During the inflammatory progression of AS, 
macrophages are mainly polarized into M1 types, which can release pro-inflammatory factors such as tumor necrosis factor-alpha 
(TNF-α) and interleukin 6 (IL-6). Likewise, they can produce ROS, nitric oxide synthase, and other substances to promote the 
development of AS [23]. The Notch signaling pathway also plays a vital role in the development of the cell, including four receptors 
(Notch1-Notch4) and five ligands (delta-like, DLL1, DLL3, DLL4, jagged-1, and jagged-2) [24]. Moreover, recent investigations have 
shown that DLL ligands and multiple Notch signaling expressions are upregulated in AS plaques [25]. Furthermore, one study reported 
that DLL4 binding to the Notch1 receptor promotes macrophage polarization toward a pro-inflammatory M1 phenotype, generating 
high levels of ROS and accelerating the progression of AS plaques [26]. 

Li et al. found that the GLP-treated group’s MDA level and ROS fluorescence intensity were significantly lower than those of the 
control group. Additionally, the expression of Notch1 signaling and DLL4 in the treated group was also significantly reduced, sug
gesting that GLP can inhibit macrophage polarization toward the M1 phenotype and slow down the progression of AS by regulating the 
expression of Notch1 signaling and DLL4 signaling [27]. Thus, this suggests that GLP can treat AS by exerting anti-inflammatory effects 
by regulating Notch1 and DLL4 signaling, thereby inhibiting the polarization of macrophages to the M1 phenotype. However, it has 
also been shown that Ganoderma lucidum polysaccharide peptide (Gl-PS) can improve the immune response and exert anti-tumor 
immunity by promoting the polarization of macrophages to the M1 type [28]. Therefore, GLP can inhibit macrophage trans
formation to M1 type to play an anti-inflammatory role and promote macrophage transformation to M1 to play an immunomodulatory 
role. Furthermore, studies have shown that at the beginning of the inflammatory response, the proportion of M1-type macrophages 
increases, which is conducive to the clearance of pathogenic microorganisms. With the progression of the inflammatory response, the 
proportion of M1-type macrophages decreases, and the conversion of macrophage M1-type to M2 promotes the repair of inflammatory 
injury [29,30]. Hence, we postulate that GLP, with its unique advantages in TCM encompassing multiple targets, stages, and pathways, 
may modulate macrophage polarization towards beneficial phenotypes across various phases of inflammatory response. Thus, 
elucidating the mechanisms by which GLP exerts its anti-inflammatory effects during macrophage phenotype transition holds pivotal 
implications for future therapeutic strategies targeting AS. 

3.4. GLP regulates intestinal flora 

Many lines of evidence suggest a significant correlation between dysbiosis of the gut flora and AS. Additionally, evidence suggests 
that dysbiosis of the gut flora causes systemic chronic inflammation, foam cell accumulation, endothelial dysfunction, and lipid 
accumulation, which in turn leads to AS [31–33]. Short-chain fatty acids (SCFAs) are metabolites of the bacteria in the gut and are 
essential in maintaining human intestinal homeostasis [34]. Notably, butyrate is one of the representatives of SCFAs. It has been 

Fig. 1. The main mechanism of GLP treating AS.  
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reported that SCFAs can increase the expression of the anti-inflammatory factor IL-10, inhibit the production of pro-inflammatory 
cytokines, and play an anti-inflammatory role [35]. Recently, Chen et al. found that GLPs could increase the amount of butyrate 
and valerate and exert the anti-inflammatory effects of SCFAs [36]. Recent investigations have also demonstrated that oral butyrate 
can inhibit nuclear factor κB (NF-κB) transport, reduce pro-inflammatory cytokine expression, decrease monocyte-EC adhesion, 
impede foam cell formation, promote reverse cholesterol transport, and interfere with the AS process [37]. In summary, we hy
pothesize that GLP can treat AS by modulating gut microbiota dysbiosis by increasing certain SCFAs’ levels. Although we have not 
found any experiments in which GLP regulates the intestinal flora to directly inhibit AS, many studies have shown that GLP can control 
AS-related risk factors to treat AS. The main mechanism of GLP in treating AS is shown in Fig. 1. 

Fig. 1 ① GLP inhibits the binding of Notch1 and DLL4, thereby inhibiting macrophage polarization towards the M1 type and 
reducing TNF-α. The release of IL-6 and ROS inhibits inflammation and cellular damage and slows down the progression of athero
sclerosis; ② We indicate that GLP can regulate gut microbiota, increase the number of SCFAs and the expression of anti-inflammatory 
factor IL-10, and inhibit NF-κ Transport B, reduce TNF-α、IL-6, IL-1β pro-inflammatory cytokine expression, thereby treating AS; ③ 
GLP increases the number of EPCs, repairs damaged endothelial cells, improves endothelial dysfunction, and inhibits AS plaque 
formation. Created with BioRender.com. 

4. The primary mechanism of GLP in preventing AS 

4.1. GLP inhibits obesity 

Obesity is a metabolic syndrome caused by an imbalance in energy intake or consumption. Research has shown that the patho
genesis of obesity and AS is related to inflammatory responses, and many inflammatory mediators, such as macrophages and T cells, 
play essential roles in the progression of obesity and AS. Thus, we hypothesize that inhibiting obesity can be used to prevent AS [38]. 

It has been suggested that the sterol-regulatory element binding proteins (SREBP) pathway can promote the production and release 
of adipogenic genes such as fatty acid synthase (FAS) and acetyl coenzyme A carboxylase (ACC) to accelerate adipogenesis via the up- 
regulation of SREBP-1c and peroxisome proliferator-activated receptor (PPAR) expression [39]. It was found that the expression level 
of the SREBP-1c/FAS pathway was significantly elevated in obese mice compared to normal mice [40]. Moreover, recent studies have 
shown that PSP can reduce adipogenesis by inhibiting the expression of SREBP1c, FAS, and ACC [41]. Sporoderm-broken spore powder 
of Ganoderma lucidum (SSPL) contains all the active components of Ganoderma lucidum and has a relatively high GLP content [42]. 
Zhong et al. experimentally found that compared with the control group of mice on a HFD, mice in the SSPL-treated group showed a 
significantly slower rate of weight gain and significantly lower levels of SREBP-1c, PPARγ, FAS, and TG in the liver [43]. These findings 
suggest that GLP-rich SSPL can slow down the process of obesity by inhibiting adipogenesis by regulating the SREBP pathway. 
Although GLP is the most abundant, SSPL contains Ganoderma lucidum triterpenoic acid and other active ingredients. Thus, more 
in-depth and accurate experiments are needed to prove that GLP improves the symptoms of obesity by inhibiting the SREBP pathway. A 
research group from Fudan University extracted a proteoglycan from Ganoderma lucidum entity and named it FYGL (Fudan-Yueyang 
Ganoderma lucidum). As such, it was found that FYGL can accelerate the degradation and metabolism of triglycerides by activating the 
AMPKα signaling pathway, thus preventing fat accumulation and inhibiting the progression of obesity [44]. However, this idea still 
needs to be further investigated and explored. 

Studies have shown that changes in gut flora composition are strongly associated with obesity, additionally, Goodman found that 
an increase in the proportion of thick-walled phylum/Anthrobacterium promotes the progression of obesity [45,46]. To investigate 
whether GLP inhibits obesity by regulating the intestinal flora, Chang et al. conducted experiments using water extract of Ganoderma 
lucidum mycelium (WEGL) as a therapeutic agent at different doses in a model of HFD (HFD) mice [47]. The results showed that WEGL 
could slow down the rate of weight gain, inhibit the accumulation of fat in HFD model mice, and restore the ratio of the thick-walled 
phylum of Ganoderma lucidum to the anaplasmosis phylum of HFD model mice to the same level as that of normal mice. However, 
there was no significant difference in the gut microbiota of the mice treated with 2 % WEGL from that of the HFD model mice, likely 
related to the insufficient dosage of 2 % WEGL. Chang et al. also isolated the active ingredient from WEGL for experiments and found 
that high molecular weight polysaccharides (>300 kDa) had a significant anti-obesity effect on HFD-fed mice. This finding suggests 
that WEGL may exert its anti-obesity effect through its high molecular weight polysaccharides by regulating intestinal flora and in
testinal barrier function and reducing the ratio of thick-walled phylum to anamorphic phylum. It was also found that GLP reduced the 
number of pro-obesity gut flora, such as Barnesella and Vibrio pseudobutyricum, in the intestinal tracts of C57BL/6J mice while 
increasing the abundance of anti-obesity gut flora, such as Eckermannia and acid-producing anaplasmodiales [48]. G protein-coupled 
receptors (GPRs) are SCFA receptors widely present in intestinal epithelial cells, regulating the immune response of intestinal epithelial 
cells or neutrophils through G protein-coupled receptor 41 (GPR41) or G protein-coupled receptor 43 (GPR43), which can inhibit 
obesity [49]. Moreover, Wang et al. found Ganoderma lucidum spore powder polysaccharide (BSGLP) may activate GPR43 expression 
in adipose tissue by regulating the intestinal flora and increasing the level of SCFAs, thus regulating metabolism and suppressing 
obesity [42]. The decrease in the ratio of Bacteroides thickeniensis/Bacteroides anomalies, the increase in the abundance of 
anti-obesity flora in the intestine, the reduction in the abundance of pro-obesity flora, and the up-regulation of the levels of GPR43 and 
SCFAs are all results of the experiment of Wang et al. which also summarizes the mechanism by which GLP may regulate the intestinal 
flora to inhibit obesity. Thus, this shows that compared with statin, GLP can inhibit obesity, which is a very promising advantage. 
However, the objects of related research are mostly active ingredients such as WEGL and BSGLP. These ingredients’ complex 
composition and unknown polysaccharide purity may have affected the experimental results. Furthermore, the related research on 
regulating intestinal flora by high-purity GLP for the treatment of obesity is still unclear, and the complex mechanism of its regulation 
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of intestinal flora is still the target of future research. 
In summary, GLP mainly inhibits obesity by inhibiting fat generation and accumulation and regulating intestinal microbiota 

homeostasis. 

4.2. GLP inhibits hyperlipidemia 

Clinical manifestations of hyperlipidemia include elevated serum cholesterol (TC), triglycerides (TG), and low-density lipoprotein 
cholesterol (LDL-C) [50]. Research has found [51,52] when blood lipid levels are high, LDL-C will be converted into ox-LDL, forming a 
marker for early AS through pro-inflammatory reactions known as fat streaks. In addition, blood lipid levels are positively correlated 
with the progression of AS plaques [53]. Thus, prevention of AS can be achieved by inhibiting hyperlipidemia. 

Wu et al. [54] using HFD rats as a model, found that GLP could reduce plasma TC, TG, and LDL-C levels and increase HDL-C levels. 
They also found that the levels of antioxidant enzymes superoxide dismutase (SOD) and glutathione peroxidase (GPx) were signifi
cantly increased [55]. The results suggest that GLP has a lipid-lowering effect. However, how it exerts its antioxidant effect to reduce 
the lipid level needs further investigation. NF-e2-related factor 2 (Nrf2) is a crucial regulator of tissue oxidative stress. It can bind to the 
antioxidant response element (ARE) in the promoter region of antioxidant genes, thus exerting its full antioxidant potential [56]. 
Recent studies have indicated that activation of the Nrf2/HO-1 signaling pathway can exert antioxidant effects [57]. To investigate 
whether GLP can reduce blood lipids by regulating the Nrf2/HO-1 signaling pathway, Li et al. established a mouse T2DM model for 
experiments. The results showed that a high dose of GLP (400 mg/kg) significantly reduced the concentrations of TC, TG, and LDL-C in 
the blood of mice, up-regulated the expression of the antioxidant enzymes SOD and GSH-Px, and significantly increased the protein 
expression levels of Nrf2 and HO-1. In contrast, a low dose of GLP (100 mg/kg) had no significant modulatory effect on the Nrf2/HO-1 
signaling pathway [58]. Therefore, this suggests that high-purity GLP can activate the Nrf2/HO-1 pathway and inhibit the oxidative 
stress response, thus reducing the blood lipid level. 

Hyperlipidemia is closely associated with related inflammatory factors such as interleukin 1β (IL-1β), TNF-α, IL-6, and monocyte 
chemotactic protein 1 (MCP-1) [59]. Recently, it has been shown that the Toll-like receptor 4 (TLR4)/NF-κB signaling pathway plays a 
crucial role in the regulation of inflammatory responses, and TLR4 activates the NF-κB nuclear translocation to produce a variety of 
inflammatory cytokines, such as TNF-α, IL-1β, and IL-6 [60]. The myeloid differentiation factor (Myd88) is a signaling factor in the TLR 
signaling pathway. Its structural domain can accelerate the activation and translocation of NF-κB, inducing the synthesis and release of 
inflammatory cytokines [61]. Recently, Wang et al. showed that GLP could inhibit the expression of NF-κB, TLR4, and MyD88. 
Furthermore, it reduces the release of inflammatory factors TNF-α, IL-1β, IL-6, and IL-10 to lower lipid levels [62]. 

The transport of cholesterol from peripheral tissues to the liver and its discharge into the bile as bile acids (BA) or free cholesterol is 
known as reverse cholesterol transport (RCT); by which cholesterol in the blood can be transported from peripheral tissues to the liver 
for recirculation or excretion, lowering the body’s blood lipid level [63]. Liver X receptor α (LXRα), as an essential cholesterol 
metabolism receptor, regulates the critical transporter proteins ATP-binding cassette transporter G1 (A1ABCG1) and ATP-binding 
cassette transporter A1 (A1ABCA1) involved in the RCT process [64]. Notably, Zheng and Huang found that enhanced LXRα 
ABCA1, and ABCG1 expression levels contribute to BA synthesis and fecal excretion, promoting cholesterol dissolution and excretion 
from the body [65]. Recently, Wang et al. also established a mouse model of hyperlipidemia and showed that GLP could promote RCT 
and regulate lipid metabolism by activating the LXRα-ABCA1/ABCG1 pathway and enhancing the expression levels of LXRα and 
ABCA1 and ABCG1. Furthermore, they found that GLP reduced blood TC, TG, and LDL-C concentrations in mice [62]. 

Thus, GLP can inhibit hyperlipidemia by antioxidizing, inhibiting inflammatory responses, and promoting reverse cholesterol 
transport. 

4.3. GLP inhibits hyperglycemia 

Research has shown that high blood glucose levels can accelerate the development of AS in Apo E − /- mice, and elevated blood 
sugar levels can increase carotid intima-media thickness [66]. Therefore, we hypothesize that preventing AS can also be achieved by 
inhibiting hyperglycemia. 

Some studies have pointed out that elevated blood glucose is associated with absolute or relative insufficiency of insulin secretion, 
which is mainly secreted by pancreatic β-cells [67]. Streptozotocin (STZ) is a valuable experimental drug that causes damage to 
pancreatic β-cells [68]. To investigate the mechanism of blood glucose regulation by GLP, Li et al. used STZ rats as a model. As such, 
they found that GLP can improve the symptoms of insufficient insulin secretion by repairing the damaged pancreatic β-cells or 
increasing their number to control blood glucose [69]. Zhu et al. also found that a synthetic GLP (PSG-1) could significantly improve 
the shrinkage of pancreatic islets in diabetic rats by hematoxylin and eosin staining of pancreatic islet tissues. Additionally, they noted 
that GLP could suppress the expression of pro-apoptotic protein Bcl-2 associated X protein (Bax) in pancreatic cells and promote the 
expression of anti-apoptotic protein Bax. Simultaneously it could inhibit the expression of the anti-apoptotic protein Bcl-2 associated 
with X protein in pancreatic cells [70]. Therefore, GLP mainly improves relative or absolute insulin deficiency symptoms by protecting 
pancreatic cells, thereby regulating blood glucose. 

Gupta et al. showed that down-regulation of pancreatic duodenal homology box protein 1 (Pdx-1) expression in the pancreas could 
negatively affect pancreatic β-cell function and survival. In contrast, peroxisome proliferator-activated receptor γ (PPARγ) upregulated 
approximately 40 % of Pdx-1 expression in mouse β-cells [71]. Furthermore, Yu et al. found that FYGL, a proteoglycan extracted from 
Ganoderma lucidum entities, could promote PPARγ expression in the pancreas of T2D rats and upregulate Pdx-1 expression to increase 
the number of pancreatic β-cells. Thus, FYGL was able to restore pancreatic islet function and lower blood glucose [72]. 
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Hepatic gluconeogenesis (HGP) is essential for maintaining systemic glucose homeostasis, and studies have shown that an excessive 
increase in HGP significantly elevates blood glucose [73]. The main pathways of HGP are glycogenolysis (breakdown of glucose 
polymer glycogen) and gluconeogenesis (synthesis of glucose from 3-carbon precursors). Additionally, hepatic glycogen phosphory
lase (GP), fructose 1,6-bisphosphatase (FBPase), phosphoenolpyruvate carboxykinase (PEPCK), and glucose-6-phosphatase (G6Pase) 
are the key enzymes that promote the process of gluconeogenesis and glycogenolysis [74]. Thus, inhibiting the expression of the above 
vital enzymes has been regarded as essential to inhibiting HGP and lowering blood glucose. Xiao et al. also identified that GLP could 
lower fasting blood glucose levels in mice and significantly reduce the mRNA expression levels of GP, G6Pase, FBPase, and PEPCK [75]. 
Moreover, the FAM3C family (family with sequence similarity 3, FAM3C) consisting of FAM3A- D has been reported to be associated 
with the regulation of glucose metabolism, and the FAM3C -heat shock factor 1 (HSF1)-calmodulin (CaM) signaling pathway can 
overexpress FAM3C and activate the HSF1- CaM- AKT signaling pathway, inhibit the expression of gluconeogenic genes, and signif
icantly improve hyperglycemia in mice [76,77]. Furthermore, PAN et al. used T2DM mice as a model for their study. The results 
showed that the GLP group’s fasting blood glucose level was reduced, the expression levels of FAM3C, HSF1, CaM and p - AKT/AKT in 
the liver of mice in the 400 mg/kg GLP group were significantly increased, while the expression levels of FAM3C, HSF1, CaM and p - 
AKT/AKT in the 100 mg/kg GLP group were either slightly increased or did not have any significant changes [78]. This suggests that 
GLP may inhibit the expression of gluconeogenic genes by activating the FAM3C-HSF1-CaM signaling pathway. In doing so, it reduces 
blood glucose concentrations. The above experimental results indicate that GLP inhibits HGP and decreases blood glucose levels. 

Recently, it has also been shown that GLP can restore the total abundance of intestinal flora, reduce the abundance of harmful 
bacteria such as rumenococci and bacilli, and increase the abundance of beneficial bacteria such as Brucella abortus and Dehalo
bacterium. In doing so, it can regulate the homeostasis of the intestinal flora, attenuate the symptoms of insulin resistance, and reduce 
blood glucose in rats with T2DM [36]. 

Thus, GLP can inhibit hyperglycemia by protecting or increasing the number of pancreatic cells, inhibiting hepatic glucose pro
duction, and regulating intestinal flora. Fig. 2 shows the primary mechanism of GLP in preventing AS. 

Fig. 2. The primary mechanism of GLP in preventing AS.  
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Fig. 2 ① GLP activates the Nrf2/HO-1 pathway, inhibits the oxidative stress response of free heme, thereby reducing blood lipid 
levels; ②GLP inhibits the TLR4/MyD88/NF-κB signaling pathway by reducing the binding of MyD88 to TLR4 and consequently de
creases the expression of TNF-α, IL-1β, and IL-6, thereby lowering blood lipid levels; ③ GLP activates the LXR α-ABCA1/ABCG1 
pathway to promote RCT, thereby promoting the synthesis of BA and the excretion of free cholesterol out of the body, resulting in 
reduced blood lipid levels; ④ GLP inhibits the expression of SREBP1c and FAS, reduces fatty acid production, thus inhibiting obesity; 
⑤ The extracted Ganoderma lucidum protein polysaccharide FYGL activates the AMPK signaling pathway, inhibiting the expression of 
SREBP-1c/FAS pathway on the one hand, and reducing fat accumulation and inhibiting obesity on the other hand; ⑥ GLP regulates gut 
microbiota, reduces the proportion of Firmicutes/Bacteroidetes and the abundance of obesity promoting bacteria such as Bacillus and 
Deinococcus, increases the abundance of anti-obesity bacteria such as Ekmann and Acidophilus, and inhibits obesity; ⑦ GLP increases 
SCFAs levels, activates GPR43 expression in adipose tissue, regulates lipid metabolism, and inhibits obesity; ⑧ - ⑨ GLP inhibits the 
expression of pro apoptotic protein Bax, promotes the expression of anti-apoptotic protein Bcl-2, repairs and increases pancreatic islets 
β cells; The number of cells promotes insulin production, thereby reducing blood glucose; ⑩ GLP inhibits the expression of GP, G6Pase, 
FBPase, and PEPCK, thereby inhibiting gluconeogenesis and glycolysis, inhibiting HGP and lowering blood glucose; ⑪ GLP’s over
expression of FAM3C activates the HSF1 CaM AKT signaling pathway, inhibits gluconeogenesis, and improves blood glucose levels; ⑫ 
GLP regulates the homeostasis of gut microbiota, reduces the abundance of harmful bacteria such as Ruminococcus and Coryne
bacterium, increases the abundance of beneficial bacteria such as Brucella and Parabacteria, and lowers blood glucose. Created with 
BioRender.com. 

5. Summary and outlook 

In recent years, GLP has made good progress in preventing and treating AS, but most of the research has been focused on preclinical 
studies and still lacks high-quality and large-sample clinical data. There are still some deficiencies in the current relevant preclinical 
studies, among which purity is the primary issue. Some experiments did not mention the specific purity of GLP in the study. Others 
used BSGLP, PSG-1, and FYGL, which are substances with lower purity and may affect the experimental results. The extraction process 
of high-purity GLP is cumbersome and expensive; therefore, in the future, we need to explore a purity standard that can guarantee 
therapeutic efficacy and reduce the cost. In addition, because there are many species of Ganoderma lucidum, even if the same species, 
the composition of the polysaccharides obtained using different extraction methods at different developmental stages is not the same. 
The structure of the GLPs applied in various experiments is distant and lacks a certain degree of comparability. Thus, the obtained 
experimental results may be somewhat controversial. Secondly, studies have shown that TCM can better utilize its therapeutic ad
vantages in the early or subclinical stage of the disease [79]. Whether GLP has a better therapeutic effect for the early stage of AS is also 
an essential step in better utilizing the role of TCM in the future. In addition, the different ways of GLP administration in animal 
experiments may also affect the results; the experimental administration methods are mainly intraperitoneal injection, gavage, and 
oral administration. Oral administration has the disadvantage of uncontrollable dosage, the operation of gavage is more complicated, 
and it is easy to cause damage to the animal’s organism. The intraperitoneal injection administration also has the problems of poor 
accuracy and slow onset of effect; whether there is a more reasonable way of administration and dosage form is also the next step to be 
explored. Finally, most of the existing studies lasted for 4–12 weeks, but the lipid-lowering efficacy of statins was better than that of 
GLP during this period [80]. This may be related to the slow onset of action and long duration of treatment of TCM, and extending the 
dosage period may be an essential means to improve the efficacy of GLP. 

Based on many high-quality studies and reviews in recent years, we believe that GLP can be used as a promising active ingredient of 
TCM for preventing and treating AS. GLP’s prevention and treatment of AS mainly focuses on regulating the pathogenesis and con
trolling the risk factors. In terms of pathogenesis, GLP mainly treats AS by improving endothelial dysfunction and inhibiting 
inflammation and oxidative reactions; moreover, studies have shown that butyrate, one of the representatives of SCFAs, can inhibit AS, 
and GLP can increase the amount of butyrate by regulating intestinal flora. However, relevant experiments about GLP regulating 
intestinal flora to inhibit AS have yet to be found. As such, research in this direction can be carried out in the next step. In terms of risk 
factors, high blood lipids, high blood glucose, and obesity seriously affect the progression of AS, and GLP can inhibit AS by lowering 
blood lipids and blood glucose levels; moreover, AS is closely related to obesity, and many inflammatory mediators and pathways play 
an essential role in the progression of both [38]. GLP can also regulate the intestinal flora to inhibit obesity, and the intestinal flora 
plays a critical role in the development of AS [81]. In this regard, it is worth thinking about suppressing AS by treating obesity through 
GLP. Ganoderma lucidum is considered an elixir of immortality and is famous for its anti-aging effects. Notably, GLP is anti-aging by 
scavenging oxygen free radicals through antioxidation and regulating aging genes [82]. Aging plays a vital role in AS, and an increase 
in the number of senescent cells and senescence-associated secretory phenotype (SASP) accelerates the AS process [83]. Autophagy 
plays a cellular scavenging role in maintaining cellular tissue homeostasis through lysosomal degradation and recycling of damaged 
organelles and misfolded proteins [84]. Studies have confirmed that autophagy can be anti-aging by inhibiting oxidative stress and 
significantly reducing ROS levels [85]. In addition, mitochondrial dysfunction is a major cause of cellular senescence and is associated 
with the overproduction of ROS [86]. Recently, Guo et al. found that Ganoderma atrum polysaccharide (PSG) can reduce ROS levels by 
activating autophagy, thus inhibiting mitochondrial dysfunction in anti-aging [87]. In agreement, this review introduces novel con
cepts regarding the anti-aging mechanism of GLP, offering a fresh perspective on its potential for treating AS. In the future, it is worth 
considering and investigating the therapeutic role of GLP in treating AS by activating autophagy and restoring mitochondrial 
dysfunction. 

This review summarizes the common mechanisms of AS prevention and treatment by GLP and presents the main progress and 
shortcomings of the current relevant basic research. We suppose the conformational relationship of GLP can be further elucidated. In 
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that case, the related mechanism of GLP anti-AS can be better explored, and the relevant clinical trials can be increased. As such, GLP is 
expected to become a novel therapeutic drug for treating AS. 
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