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Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) has emerged as a critical global health burden, driven by rising prevalence rates and earlier disease onset. Current therapeutic strategies remain limited to lifestyle interventions, with no approved pharmacotherapies targeting disease progression. Growing evidence highlights gut microbiota dysbiosis as a pivotal contributor to MASLD pathogenesis, characterized by disrupted intestinal barrier function, endotoxin translocation, and dysregulated bile acid (BA) and short-chain fatty acid (SCFA) metabolism. Preclinical studies suggest that specific botanical drugs and standardized polyherbal formulations may mitigate MASLD through microbiota modulation.Methods: A systematic review of preclinical and clinical studies (2015–2025) was conducted across PubMed, Web of Science, and CNKI. Search terms included “gut microbiota,” “Traditional Chinese Medicine (TCM),” and “MASLD,” focusing on studies with chemically defined botanical metabolites (purity >90%) or rigorously characterized polyherbal formulations. Exclusion criteria eliminated reports lacking microbial taxonomic validation (e.g., 16S rRNA sequencing), dose-response relationships, or mechanistic validation in animal models.Results: The synthesis of studies reveals that TCM ameliorates MASLD through three interconnected mechanisms: restoration of gut microbial diversity, reinforcement of intestinal barrier integrity via tight junction protein upregulation (e.g., ZO-1 and occludin), and normalization of BA/SCFA metabolism. Among the 10 botanical drugs and 11 formulations reviewed, significant reduction in liver steatosis were shown in rodent models. However, only 4% of these interventions progressed to human trials, and critical methodological inconsistencies were observed, including inconsistent phytochemical standardization and overreliance on homogeneous animal models (68% using male C57BL/6 mice).Conclusion: While TCM shows promise in modulating microbiota-liver crosstalk, clinical translation is hindered by insufficient phytochemical standardization, unvalidated multi-component synergies, and a paucity of human efficacy data. To bridge this gap, future research must prioritize randomized controlled trials with liver histology endpoints, ConPhyMP-guided quality control protocols, and humanized microbiota models. Rigorous validation of TCM’s microbiota-centric mechanisms—rather than empirical applications—will be essential to advance these interventions into clinically actionable therapies for MASLD.Keywords: metabolic dysfunction-associated steatotic liver disease, gut microbiota, Traditional Chinese Medicine, gut-liver axis, bile acid metabolism
1 INTRODUCTION
1.1 Current situation of MASLD
Metabolic dysfunction-associated steatotic liver disease (MASLD) was previously referred to as non-alcoholic fatty liver disease (Rinella et al., 2023; De et al., 2024). MASLD encompasses a spectrum from hepatic steatosis to metabolic dysfunction-associated steatohepatitis (Ueno et al., 2013), and may progress to cirrhosis and hepatocellular carcinoma (HCC). Beyond its direct hepatotoxic effects, MASLD demonstrates strong epidemiological associations with type 2 diabetes mellitus (T2DM), cardiovascular diseases (CVD), and chronic kidney disease (CKD) (Targher et al., 2021).
Contemporary research classifies MASLD as a multisystem metabolic disorder with established links to insulin resistance and genetic predisposition. The escalating global pandemic of obesity and its associated metabolic comorbidities are driving MASLD prevalence to unprecedented levels, with projections indicating a surge to 55.4% globally by 2040 (Le et al., 2022). Epidemiological modeling by Estes et al. reveals China’s distinctive MASLD profile, exhibiting the youngest onset age quartile combined with the most pronounced absolute and relative prevalence growth rates. Projections suggest a 29.1% increase in MASLD cases from 2016 baseline levels by 2030, potentially resulting in substantial socioeconomic burdens through direct healthcare costs and productivity losses (Estes et al., 2018).
1.2 The relationship between the gut microbiota and MASLD
The human gastrointestinal tract harbors a complex microbial ecosystem that critically regulates host physiological homeostasis through metabolic and immunomodulatory cross-talk. At the core of this symbiotic relationship lies the bidirectional gut-liver axis, where the portal circulation serves as a conduit for continuous molecular exchange: gut-derived microbial metabolites are transported to the liver for processing, while hepatobiliary secretions, particularly bile acids (Misrani et al., 2024), reciprocally regulate intestinal microbial composition and barrier function (Singh et al., 2023).
Recent advancements in MASLD pathogenesis research have progressively unraveled the critical role of gut microbiota dysbiosis within this axis (Rong et al., 2022). Longitudinal cohort studies demonstrate stage-specific microbial alterations across the MASLD spectrum, characterized by distinct taxonomic and functional shifts that mirror disease progression. During early-stage hepatic steatosis, metagenomic analyses reveal enrichment of butyrate-producing taxa such as Eubacterium rectale and Bacteroides vulgatus, which may initially compensate for metabolic stress by enhancing short-chain fatty acid (SCFA) production and maintaining intestinal barrier integrity (Loomba et al., 2017). However, as steatosis progresses to MASH, a marked reduction in microbial diversity emerges, with proliferation of endotoxin-producing Proteobacteria (e.g., Escherichia coli, Escherichia-shigella), exacerbating intestinal permeability and systemic inflammation (Frost et al., 2021; Cornejo-Pareja et al., 2024). As disease progresses to cirrhosis and its associated complications, the changes in microbiome become even more stark. With advancing disease, there is evidence of higher potential pathobionts (Enterobacteriaceae, Enterococcaceae), and lower relative abundance of commensal taxa, creating a microenvironment conducive to hepatocyte injury and fibrogenesis (Lang et al., 2020; Saeed et al., 2025). In addition to the microbial structure, multi-omics studies have identified stage-specific microbial metabolites, including BAs also change with liver disease progression (Puri et al., 2018; McGlinchey et al., 2022). This temporal dysbiosis-MASLD trajectory underscores the gut-liver axis as both a driver and biomarker of disease progression. The shift from compensatory metabolic adaptations to persistent microbiota-driven inflammation highlights therapeutic opportunities for stage-specific microbiome modulation, potentially interrupting the pathogenic continuum before irreversible fibrotic remodeling occurs (Fang et al., 2022b).
1.3 Microbiome-targeted interventions in MASLD management
Current therapeutic frameworks for nonalcoholic fatty liver disease (MASLD) remain suboptimal, necessitating novel approaches to halt disease progression. While the AASLD guidelines emphasize lifestyle modification as foundational therapy, pharmacologic options—including vitamin E, pioglitazone, and ursodeoxycholic acid (UDCA)—demonstrate limited histological benefits and are not universally recommended for non-biopsy-confirmed cases (Chalasani et al., 2018). This therapeutic impasse has catalyzed exploration of microbiota-centric interventions, leveraging emerging insights into gut-liver axis pathophysiology (Saeed et al., 2025).
Accumulating clinical evidence positions microbiome modulation as a promising adjunctive strategy. A meta-analysis of 13 randomized controlled trials revealed that probiotic/prebiotic/synbiotic supplementation significantly improves key MASLD parameters: reducing hepatic fat fraction, attenuating systemic inflammation, and restoring the gut microbiota (Carpi et al., 2022). Fecal microbiota transplantation (FMT), though investigational, demonstrates therapeutic potential through ecological reconstitution. Several studies have shown that FMT can reduce fat deposition by improving intestinal permeability and gut microbiota disorders in MASLD patients (Craven et al., 2020; Xue et al., 2022). The therapeutic potential of bacteriophage therapy is being explored and has been shown to specifically edit the gut microbiota (Saeed et al., 2025).
It was suggested that colonization of the gut by high-alcohol-producing Klebsiella pneumoniae (HiAlc Kpn) may contribute to MASLD through the production of ethanol. Further studies found that healthy mice transplanted with the gut microbiota of MASLD mice harboring HiAlc Kpn developed significant steatosis 4 weeks after gavage, whereas hepatic steatosis was significantly alleviated after pretreatment with bacteriophage phiW14/TH1-302 (Yuan et al., 2019). Subsequent investigations showed that bacteriophage specialized in eradicating HiAlc Kpn not only alleviated hepatic steatosis, but also reprogrammed the gut microbiota without significant side effects (Gan et al., 2023). Microbiome therapy provides a new avenue for the treatment of MASLD, and although it shows promise, more in-depth research is needed to complete the transition from experimental to clinical studies for the clinical treatment of MASLD.
2 LITERATURE SEARCH STRATEGY
A systematic literature search was conducted across PubMed, Web of Science, ScienceDirect, Google Scholar, and the China National Knowledge Infrastructure (CNKI) database to identify relevant studies published up to May 2025. Search terms included controlled vocabulary (MeSH terms) and free-text keywords such as “gut microbiota,” “Traditional Chinese Medicine,” “metabolic dysfunction-associated steatotic liver disease (MASLD),” “non-alcoholic fatty liver disease (MASLD),” “metabolic dysfunction-associated steatohepatitis (Ueno et al.),” “intestinal barrier,” “bile acid metabolism,” “TLR4 signaling,” “FXR-FGF15 axis,” and “botanical metabolites.” Boolean operators (AND/OR) were applied to combine terms, and database-specific filters (e.g., publication type, language, species) were used to refine results. Inclusion criteria prioritized original research articles and reviews addressing gut microbiota modulation by botanical metabolites and polyherbal formulations in MASLD, with emphasis on mechanistic studies using validated in vivo or in vitro systems. Studies lacking experimental validation (e.g., purely descriptive analyses), non-peer-reviewed publications, or those with insufficient methodological detail (e.g., undefined herbal formulations, unclear dosing regimens) were excluded. Duplicate records were removed, and remaining articles underwent title/abstract screening followed by full-text evaluation for eligibility. Reference lists of key papers were manually searched to identify additional relevant studies.
3 GUT MICROBIOTA IN MASLD PATHOGENESIS
The conceptual framework of MASLD pathogenesis has evolved from the “two-hit hypothesis” to a “multiple-hit paradigm” through progressive scientific inquiry. Initially, the first hit postulated hepatic lipid metabolism dysregulation, emphasizing insulin resistance and adipocytokine imbalances involving lipocalin and leptin. Subsequently, the second hit expanded this model to incorporate steatosis progression mechanisms, including endoplasmic reticulum stress, oxidative stress, and fibrotic transformation (Teng et al., 2022). As shown in Figure 1, contemporary research transcends these models through the multiple-hit hypothesis, which systematically integrates: 1) metabolic dysregulation (insulin resistance, lipotoxicity), 2) cellular stress responses (mitochondrial dysfunction, inflammation), and 3) microenvironmental modulators (hormonal factors, gut microbiota, epigenetic regulators) (Buzzetti et al., 2016).
[image: Figure 1]FIGURE 1 | Mechanistic framework of the “multiple-hit” hypothesis in MASLD progression The pathogenesis of MASLD involves sequential pathological hits driving progression from hepatic steatosis to end-stage liver injury. Initial metabolic insults: Insulin resistance triggers peripheral lipolysis, increasing free fatty acid (Lena et al.) influx into the liver. Concurrently, enhanced de novo lipogenesis (DNL), impaired fatty acid β-oxidation, and reduced very low-density lipoprotein (VLDL) secretion collectively promote triglyceride (TG) accumulation, initiating simple steatosis. Oxidative and ER stress: Excessive FFA overload induces mitochondrial dysfunction and reactive oxygen species (ROS) overproduction, exacerbating oxidative stress and unfolded protein response (UPR)-mediated endoplasmic reticulum stress. These processes activate c-Jun N-terminal kinase (JNK) and nuclear factor-κB (NF-κB) pathways, releasing pro-inflammatory cytokines (e.g., TNF-α, IL-6), thereby transitioning steatosis to steatohepatitis. Gut-liver axis dysregulation: Gut microbiota dysbiosis disrupts intestinal barrier integrity, enabling lipopolysaccharide (LPS) translocation into the liver. Hepatic TLR4 activation amplifies inflammatory cascades and fibrotic signaling. Bile acid (BA) dysmetabolism: Aberrant FXR/TGR5 signaling due to BA imbalance further disrupts hepatic metabolic homeostasis, aggravating hepatocyte injury and disease progression. Abbreviations: DNL, de novo lipogenesis; ER, endoplasmic reticulum; FFA, free fatty acids; FXR, Farnesoid X receptor; IL-6, interleukin 6; JNK, c-Jun N-terminal kinase; LPS, lipopolysaccharide; MASLD, metabolic dysfunction-associated steatotic liver disease; ROS, reactive oxygen species; TG, triglycerides; TLR4, Toll-like receptor 4; TNF-α, tumor necrosis factor alpha; UPR, unfolded protein response; VLDL, very low-density lipoproteins. The figure was created using Figdraw.
Among these factors, there is growing evidence that the gut microbiota and its derivatives, the intestinal mucosal barrier, etc., play a key role in the pathogenesis of MASLD. The gut microbiota has been shown to be involved in MASLD progression through metabolites such as LPS, SCFAs and BAs. The intestinal mucosal barriers are the body’s vital defense against harmful substances and infectious agents, and any damage to these barriers may lead to intestinal dysfunction, triggering intestinal infections, flora disorders, promoting liver inflammation, and ultimately leading to the development of MASLD.
3.1 Intestinal mucinal barrier dysfunction in MASLD pathogenesis
The intestinal mucosal barrier comprises four functionally integrated components: mechanical, chemical, immune, and biological barriers. The primary defense layer consists of intestinal epithelial cells (IECs) interconnected through tight junctions (TJs), overlaid by a mucus bilayer. This architecture selectively restricts bacterial translocation and endotoxin infiltration into systemic circulation (Albillos et al., 2020). Epithelial cellular diversity–encompassing goblet cells, Paneth cells, tuft cells, and microfold (M) cells–extends beyond structural roles. These specialized cells actively secrete mucins, antimicrobial peptides (Sampson et al., 2016), and trophic factors that collectively maintain mucosal integrity and coordinate barrier functions (Sardinha-Silva et al., 2022). Goblet cell-derived mucin (MUC2) forms a stratified mucus structure with distinct dense and loose layers, establishing critical spatial segregation between luminal microbiota and epithelial surfaces (Faderl et al., 2015). This glycoprotein matrix entraps digestive enzymes, AMPs, and secretory IgA (sIgA), creating a biochemical defense system through microbial degradation and cell wall disruption (Kayama et al., 2020; An et al., 2022). Even if microorganisms in the intestinal lumen break through the intestinal epithelium into the lamina propria, there they will face the defense of the immune barrier. The immune barrier includes both humoral and cellular immunity, and humoral factors such as AMP and sIgA, which limit the colonization and growth of pathogenic microorganisms, protect the intestinal mucosa from damage (Hrncir et al., 2021). Immune cells such as macrophages, dendritic cells, and innate lymphocytes are able to fight potential pathogens and protect mucosal integrity (Chopyk and Grakoui, 2020). The intestinal biobarrier is a microecosystem composed of intestinal resident bacteria and host microspace structures that provide colonization resistance to potential pathogens (Wells et al., 2017). In addition, gut commensal microorganisms indirectly enhance barrier protection by stimulating pathogen recognition receptors on epithelial cells as well as promoting adaptive immunity (Chopyk and Grakoui, 2020). It is evident that intestinal barriers are interconnected and influential.
Intestinal barrier dysfunction initiates a pathogenic cascade through increased mucosal permeability, enabling bacterial translocation via the portal circulation to hepatic tissue. This process activates hepatic immune responses that exacerbate parenchymal injury. Clinical evidence demonstrates that MASLD patients exhibit significant intestinal mucosal damage with elevated permeability compared to healthy controls, showing strong positive correlations with hepatic inflammatory activity (p < 0.05) and fibrosis (p < 0.001) (Giorgio et al., 2014). The pathogenesis involves multifactorial interactions, with HFD and gut dysbiosis representing predominant etiological factors. Chronic HFD exposure induces disruption of TJ protein complexes while exacerbating microbiota-mediated barrier dysfunction (Nian et al., 2024). Proteomic analysis of IECs revealed HFD-induced TJ dysregulation, demonstrating that dietary lipid overload drives MASLD progression through TJ-mediated elevation of intestinal permeability (Muto et al., 2023). Perturbations in the intestinal luminal environment significantly contribute to enhanced paracellular permeability. BAs, key components of the enterohepatic circulation, are essential regulators of intestinal homeostasis. Excessive BA concentrations exhibit direct cytotoxicity to intestinal epithelia, compromising mucosal integrity and promoting bacterial translocation - a critical mechanism facilitating MASLD progression to MASH (Gupta et al., 2020). Thus, any factor that alters the above gut barrier components will result in a compromised intestinal mucosal barrier, which will allow gut microbial metabolites and toxins to translocate to the liver through the portal vein, activate the immune response, and increase the risk of MASLD development.
3.2 Effect of gut microbiota-derived metabolites on MASLD
3.2.1 SCFAs
The gut microbiota metabolizes undigested dietary components into SCFAs, primarily acetate (60%–70%), propionate (15%–20%), and butyrate (10%–15%), which collectively regulate intestinal barrier integrity, metabolic homeostasis, and immune function (Morrison and Preston, 2016). Acetate serves as both an energy substrate and signaling molecule, with experimental studies demonstrating its capacity to activate hepatic free fatty acid receptor 2 (FFAR2), thereby improving insulin sensitivity and attenuating lipid accumulation in MASLD models (Aoki et al., 2021). Butyrate exerts multifaceted protective effects through enhancing TJ protein expression, and inhibiting macrophage activation and inflammatory factor production, thereby reducing endotoxin translocation and achieving attenuation of secondary liver injury (Liu et al., 2014). SCFAs further reinforce intestinal barrier function by stimulating interleukin-18 (IL-18) secretion through NLRP3 inflammasome activation, while their portal circulation-mediated hepatic delivery directly suppresses lipogenic pathways via sterol regulatory element-binding protein 1c (SREBP1c) downregulation (Macia et al., 2015; Dai et al., 2020).
Dysbiosis-induced SCFA depletion exacerbates MASLD progression through impaired glucagon-like peptide-1 (GLP-1) secretion, elevated intestinal permeability, and aggravated endotoxemia. Preclinical evidence indicates that high-fat diet-fed mice exhibit marked reductions in SCFA-producing bacteria and corresponding metabolite levels, which correlate with accelerated hepatic steatosis and fibrosis (Huang et al., 2020). Therapeutic restoration of SCFAs through dietary modulation or direct supplementation demonstrates significant metabolic benefits, including reduction in hepatic triglyceride content and decrease in fibrotic markers, highlighting their potential as therapeutic targets in MASLD management (Baumann et al., 2020; Zhao et al., 2021).
3.2.2 BAs
BAs undergo hepatic biosynthesis from cholesterol followed by conjugation with taurine/glycine prior to biliary secretion. Approximately 95% of secreted BAs are reabsorbed through ileal enterocytes, completing the enterohepatic circulation - a process critically modulated by gut microbial biotransformation. Intestinal microbiota mediate BA deconjugation and 7α-dehydroxylation, converting primary BAs (cholic acid [CA], chenodeoxycholic acid [CDCA]) into secondary forms (deoxycholic acid [DCA], lithocholic acid [LCA]) with distinct physicochemical properties (Tilg et al., 2022). Clinical metabolomic analyses reveal MASLD patients exhibit 4-fold elevated serum DCA compared to healthy controls, establishing BA dysmetabolism as a hallmark of disease progression (Jiao et al., 2018).
The signaling potency of BAs is governed by receptor specificity: FXR demonstrates nanomolar affinity for CDCA versus millimolar responses to DCA, while G-protein-coupled BA receptor, Gpbar1 (TGR5) is preferentially activated by LCA (Inagaki et al., 2006; Safari and Gerard, 2019; Merlen et al., 2020). This ligand-receptor selectivity implies that dysbiosis-induced BA compositional shifts can dysregulate hepatic metabolism through altered FXR/TGR5 signaling cascades. Mechanistically, FXR activation preserves intestinal barrier function by upregulating tight junction proteins and suppressing bacterial translocation, whereas TGR5 signaling modulates macrophage polarization towards anti-inflammatory phenotypes (Yamada et al., 2018; Wu et al., 2021).
3.2.3 LPS
Lipopolysaccharide (LPS), a glycolipid constituent of Gram-negative bacterial membranes, functions as a potent pathogen-associated molecular pattern that drives chronic low-grade inflammation in MASLD pathogenesis (Ji et al., 2019). Hepatic recognition of circulating LPS occurs through a multi-receptor complex comprising Toll-like receptor 4 (TLR4), myeloid differentiation protein-2 (MD-2), and co-receptor CD14, with lipopolysaccharide-binding protein (LBP) facilitating endotoxin transfer to this signaling complex. Activation of this pathway in Kupffer cells triggers NF-κB-mediated proinflammatory cytokine production, establishing a microenvironment conducive to MASLD progression (Ferro et al., 2020; Wang L. et al., 2024). Besides, LPS activates the NLRP3 inflammasome via TLR4 signaling in adipocytes, triggering IL-1β/IL-18 release that drives adipose tissue inflammation and fibrosis. Experimental NLRP3 inhibition suppresses LPS-induced proinflammatory cytokine production and downregulates collagen/extracellular matrix (ECM) remodeling genes, demonstrating its dual therapeutic potential for mitigating metabolic inflammation and fibrotic progression in obesity-related disorders (Liu et al., 2016; Unamuno et al., 2021).
Beyond its pro-inflammatory effects, LPS demonstrates dual regulatory roles in liver pathophysiology. LBP deficiency exacerbates hepatic steatosis despite attenuating inflammation - evidenced by excessive fat deposition in LBP−/− mice compared to wild-type controls (Zhu et al., 2024). This dichotomy underscores the complex interplay between endotoxin signaling and metabolic regulation. The intestinal barrier emerges as both source and target of LPS-mediated injury. Physiological concentrations of LPS compromise TJ integrity through TLR4-dependent process, creating a vicious cycle of endotoxemia and barrier dysfunction (Guo et al., 2013).
3.2.4 Endogenous ethanol
The gut microbiota serves as the primary source of endogenous ethanol. Zhu et al. (2013) conducted a comparative analysis of gut microbial composition and peripheral blood ethanol levels among children with MASH, obesity, and healthy controls. Their findings revealed significant alterations in gut microbiota profiles in both obese and MASH groups compared to healthy individuals, with MASH patients exhibiting elevated abundances of ethanol-producing bacterial taxa and markedly higher circulating ethanol concentrations. These observations imply that microbiota-derived endogenous ethanol may function as a hepatotoxic agent contributing to MASLD initiation and progression.
Emerging evidence has elucidated mechanistic links between endogenous ethanol and MASLD pathogenesis. First, ethanol upregulates cytochrome P450 2E1 (CYP2E1) enzymatic activity, amplifying reactive oxygen species (ROS) generation. This process induces hepatic oxidative stress (OS) and inflammatory cascades, thereby exacerbating hepatocellular injury and accelerating MASLD progression (Aljomah et al., 2015; Abdelmegeed et al., 2017). Second, ethanol directly impairs mitochondrial function in hepatocytes, a hallmark of advanced MASLD (Chen X. et al., 2020). Third, ethanol exacerbates liver damage indirectly through its metabolite acetaldehyde, which induces oxidative stress and disrupts intercellular TJs (Liu et al., 2022). As demonstrated by Dunagan et al. (2012), acetaldehyde-mediated TJ dysfunction increases intestinal paracellular permeability, facilitating translocation of microbial components or metabolites into the portal circulation. This process triggers systemic inflammation and further aggravates hepatic injury, establishing a vicious cycle in MASLD progression.
3.2.5 Choline
Choline, an essential nutrient predominantly sourced from dietary components including red meat, eggs, and nuts, plays a critical role in hepatic lipid metabolism and regulates BAs enterohepatic circulation (Xiang et al., 2022). Emerging evidence implicates choline deficiency as a contributor to MASLD progression. As a key substrate for very-low-density lipoprotein (VLDL) biosynthesis, insufficient choline availability reduces hepatic VLDL secretion, leading to triglyceride (TG) accumulation and subsequent hepatocyte injury (Jacob et al., 2021). This mechanistic insight underpins the widespread use of methionine-choline-deficient (MCD) diets to induce MASH in preclinical models, where resultant phenotypes are closely associated with intestinal inflammatory responses (Matthews et al., 2021).
Gut microbiota-mediated metabolism further links choline to MASLD pathogenesis. Microbial conversion of choline to trimethylamine (TMA) is followed by hepatic oxidation via flavin-containing monooxygenase 3 (FMO3), generating trimethylamine N-oxide (TMAO). Clinical studies demonstrate elevated TMAO levels correlating with MASLD severity and MASH risk in humans (Leon-Mimila et al., 2021). Experimental models reveal that TMAO administration exacerbates hepatic steatosis by enhancing de novo lipogenesis and impairing BA-activated FXR signaling (Tan et al., 2019). Furthermore, TMAO aggravates metabolic dysregulation through multiple pathways: disrupting intestinal barrier integrity, compromising hepatic endothelial function, and modulating macrophage polarization toward proinflammatory phenotypes (Nian et al., 2024). While these findings highlight TMAO’s pathogenic role, its potential as a therapeutic target for MASLD warrants rigorous investigation.
3.2.6 Amino acids
Hepatic disturbances in amino acid and lipid metabolism promote fatty acid deposition, triggering OS and hepatocellular injury that accelerates MASLD progression (Deng et al., 2024). Comparative analyses of serum amino acid profiles among healthy controls, MASLD patients, and hepatic fibrosis cases revealed elevated circulating levels of branched-chain amino acids (BCAAs), glutamic acid (Ekstrand et al., 2017), and alanine (Ala) in fibrosis patients, with MASLD subjects showing particularly pronounced Ala elevation. These metabolic alterations demonstrate strong correlations with insulin resistance and hepatic metabolic dysfunction (Hasegawa et al., 2020).
Mechanistic studies elucidate BCAA-mediated hepatotoxicity through dual tissue-specific pathways. In adipocytes, BCAAs activate AMPKα2 to stimulate lipolysis, thereby increasing plasma free fatty acid (Lena et al., 2005) release. Concurrently, hepatic BCAAs activate mammalian target of rapamycin (mTOR) signaling, which inhibits FFA-to-TG conversion, exacerbates FFA-induced lipotoxicity, suppresses hepatocyte autophagy, and promotes apoptosis, collectively driving liver injury (Zhang et al., 2016).
Aromatic amino acids (AAAs) - tryptophan (Trp), phenylalanine (Phe), and tyrosine (Tyr) - exert bidirectional regulatory effects on MASLD pathogenesis. Hepatic Trp metabolism via tryptophan 2,3-dioxygenase (TDO2) and indoleamine 2,3-dioxygenase (IDO) generates kynurenine (Kyn), which activates aryl hydrocarbon receptor (AHR) signaling to promote obesity-associated hepatic steatosis (Rojas et al., 2021). Conversely, gut microbiota metabolize Trp into protective indole derivatives including indole-3-acetic acid (IAA), indole-3-propionic acid (IPA), and tryptamine (Dai et al., 2020). Notably, IPA demonstrates therapeutic potential by ameliorating gut dysbiosis, enhancing intestinal barrier integrity to prevent endotoxin translocation, and suppressing NF-κB-mediated proinflammatory cytokine release (Zhao et al., 2019).
These findings collectively highlight that dysregulated amino acid metabolism - through both hepatotoxic and protective pathways - constitutes a key mechanistic axis in MASLD development. Targeted modulation of these metabolic networks may yield novel therapeutic strategies for MASLD management.
In summary, in the condition of gut microbiota dysbiosis, various bacterial metabolites such as SCFAs, Bas, LPS, endogenous ethanol, choline, and amino acids are altered and involved in the pathogenesis of MASLD (Figure 2).
[image: Figure 2]FIGURE 2 | Gut microbiota-derived metabolites in MASLD pathogenesis under dysbiosis. Under gut microbiota dysbiosis, multiple microbial metabolites—including SCFAs, BAs, LPS, endogenous ethanol, choline, and amino acids—are dysregulated, collectively driving MASLD progression. SCFAs (acetate, propionate, butyrate): Attenuate hepatic steatosis by activating AMPK and GPR signaling while suppressing TLR4-mediated inflammation. Dysbiosis reduces SCFA production, exacerbating intestinal barrier dysfunction and hepatic lipid deposition. Secondary BAs: Inhibit hepatocyte steatosis via TGR5/FXR signaling activation, whereas dysmetabolism of primary Bas promotes barrier disruption. LPS: Triggers hepatocyte inflammation and fibrosis through TLR4/NF-κB pathway activation. Endogenous ethanol: Upregulates CYP2E1 to induce oxidative stress and acetaldehyde-mediated hepatotoxicity. Choline-TMA/TMAO axis: Microbial conversion of choline to trimethylamine (TMA) and subsequent hepatic oxidation to TMAO suppresses FXR signaling, aggravating steatosis. Amino acids: BCAAs promote lipotoxicity via dual regulation of adipocyte lipolysis and hepatic mTOR signaling; AHR-activating Kyn exacerbates steatosis, while gut microbiota-derived indole derivatives enhance barrier integrity and suppress inflammation. Abbreviations: AMPK, AMP-activated protein kinase; GPR, G-protein-coupled receptor; TLR4, Toll-like receptor 4; TGR5, G-protein-coupled bile acid receptor 1; FXR, Farnesoid X receptor; CYP2E1, cytochrome P450 2E1; TMA, trimethylamine; TMAO, trimethylamine N-oxide; mTOR, mammalian target of rapamycin. The figure was created using Figdraw.
4 TARGETING GUT-LIVER AXIS: THE ROLE OF TCM IN MASLD THROUGH MICROBIOTA MODULATION
The pathogenesis of MASLD is driven by a complex interplay of metabolic dysregulation, gut-liver axis disruption, and microbiota-derived inflammatory signaling. As outlined in preceding sections, hepatic lipid accumulation and inflammatory cascades are exacerbated by gut microbiota dysbiosis, characterized by diminished microbial diversity, impaired intestinal barrier integrity, and altered metabolite profiles (e.g., reduced SCFAs, elevated LPS, and dysregulated BA metabolism). These perturbations activate key pathways, including TLR4/NF-κB-mediated inflammation, FXR-FGF15 axis dysfunction, and oxidative stress, collectively propelling disease progression from steatosis to fibrosis. Despite advancements in understanding these mechanisms, current therapeutic strategies remain limited in efficacy, underscoring the need for innovative interventions targeting the gut-liver axis. TCM has emerged as a promising candidate. Preclinical evidence highlights TCM’s capacity to restore microbial homeostasis, enhance intestinal barrier function, and modulate critical metabolites and signaling pathways. The following sections elucidate how botanical drugs and polyherbal formulations mitigate MASLD through microbiota-centric mechanisms, bridging ancient therapeutic wisdom with modern molecular insights (Tables 1, 2; Figures 3, 4).
TABLE 1 | Metabolites of botanical drugs for the treatment of MASLD.
[image: Table 1]TABLE 2 | Polyherbal formulations for the treatment of MASLD.
[image: Table 2][image: Figure 3]FIGURE 3 | Botanical drugs-mediated immunomodulation through LPS/TLR4 signaling. Botanical drugs and metabolites against MASLD by regulating intestinal immunity through LPS/TLR4 signaling pathway. The figure was created using Figdraw.
[image: Figure 4]FIGURE 4 | FXR-FGF15 axis modulation through botanical drug-mediated BA regulation. Botanical drugs and metabolites against MASLD by regulating BAs metabolism through FXR-FGF15 signaling axis. The figure was created using Figdraw.
4.1 Botanical drugs improve MASLD by modulating gut microbiota
4.1.1 Cassiae Semen
Cassia obtusifolia L. (Fabaceae) seeds, a botanical drug with dual medicinal and dietary applications, contain bioactive metabolites including anthraquinones, naphthalenes, and naphthalopyranones, which exhibit hepatoprotective, hypolipidemic, and hypoglycemic properties (Chen et al., 2023). Among these metabolites, aurantio-obtusin (AO) and rubrofusarin-6-β-gentiobioside (RG) are representative anthraquinone and naphthalopyranone derivatives. Chronic oral administration of AO (20 mg/kg/day for 16 weeks) in HFD-induced murine model restored intestinal barrier integrity and remodeled gut microbiota composition, notably reducing the Firmicutes/Bacteroidetes ratio while enriching beneficial taxa such as Desulfovibrio (genus), Lachnoclostridium (genus), unclassified_f__Muribaculaceae (genus), and Lachnospiraceae_NK4A136_group (genus). These microbial shifts correlated with enhanced SCFA production, improved hepatic lipid metabolism, and attenuated inflammation. AO further ameliorated hepatic steatosis by modulating PPAR signaling pathways and downregulating lipogenesis-associated genes (Li et al., 2025). In contrast, Cassiae Semen extract (CSE), a standardized hydroalcoholic extract of Cassia obtusifolia seeds, demonstrated broader therapeutic efficacy. CSE treatment significantly increased the abundance of commensal bacteria (Dehalobacterium, Oscillospira, Ruminococcus) while suppressing pathobionts (Proteobacteria, Enterobacteriaceae, Erwinia), effects linked to intestinal mucosal repair, reduced endotoxin levels, and diminished hepatic inflammation. FMT from CSE-treated mice into HFD-fed recipients replicated these benefits, restoring microbial diversity, enhancing barrier function, and mitigating metabolic and inflammatory liver injury (Luo et al., 2021). These findings demonstrate that the hepatoprotective effects of CSE are directly linked to its microbiota-modulating properties, providing direct evidence for the “microbiota-host” interaction mechanism.
Compared to the single metabolite AO, CSE exhibits broader regulatory capacity over gut microbiota, such as suppressing pathogenic taxa (e.g., Proteobacteria, Erwinia), highlighting the advantage of multi-component synergistic intervention. This aligns with the characteristic “multi-metabolite, multi-target” therapeutic strategy of TCM polyherbal formulations. However, several limitations should be noted. First, the specific molecular targets of AO in regulating PPAR signaling pathways (e.g., PPARα/γ/δ isoforms) and its potential epigenetic regulatory mechanisms remain unelucidated. Second, the contributions of other bioactive metabolites in CSE—beyond AO and RG—to microbiota modulation have not been individually dissected, making it challenging to distinguish the effects of single metabolites from those of the whole extract.
4.1.2 Coptidis Rhizoma
Berberine (BBR), a bioactive isoquinoline alkaloid, is primarily isolated from botanical drugs including Coptis chinensis Franch. (Ranunculaceae), Phellodendron chinense C.K.Schneid. (Rutaceae), Hydrastis canadensis L. (Ranunculaceae), and Berberis aquifolium Pursh. (Berberidaceae). Preclinical studies have established its capacity to ameliorate MASLD through direct modulation of hepatic lipid metabolism (Yan et al., 2015). Mechanistic investigations by Shu et al. (Shu et al., 2021) further revealed that oral administration of BBR (100 mg/kg/day for 4 weeks) in HFD-fed C57BL/6J mice restored gut microbial homeostasis via selective enrichment of Clostridiales (order) and Lactobacillaceae (family), accompanied by expansion of Bacteroidales (order). These taxonomic shifts correlated with enhanced bile salt hydrolase (BSH) activity, facilitating the bioconversion of primary BAs to secondary forms such as deoxycholic acid (DCA) and ursodeoxycholic acid (UDCA). Functionally, DCA and UDCA act as agonists of the FXR, activating intestinal FXR signaling to upregulate FGF15 expression. This cascade ultimately attenuates hepatic steatosis and inflammation by suppressing de novo lipogenesis and NF-κB-mediated proinflammatory cytokine release (Wang G. et al., 2019; Zaufel et al., 2021).
By demonstrating that BBR-induced BA conversion directly activates intestinal FXR signaling, these study bridge microbial metabolic output (secondary BAs) to host pathophysiology, offering a mechanistic framework for microbiota-host crosstalk in MASLD. However, the specific contributions of Clostridiales versus Lactobacillaceae to BSH activity and BA bioconversion remain unresolved. Functional validation (e.g., BSH gene knockout strains) is needed to confirm taxonomic causality. While FXR activation is implicated, the roles of FXR isoforms (FXRα/β) are unaddressed.
4.1.3 Puerariae Lobatae Radix
Puerarin, a bioactive isoflavone glycoside, is the principal metabolite derived from the roots of Pueraria lobata (Willd.) Ohwi (Fabaceae), a botanical drug traditionally used for its anti-inflammatory, antioxidant, and insulin-sensitizing properties (Zhou et al., 2014). Preclinical studies demonstrate its therapeutic potential in MASLD, with evidence highlighting its capacity to attenuate hepatic lipid accumulation, oxidative stress, and immune dysregulation (Xu et al., 2021; Zhou et al., 2022). In a methionine-choline-deficient (MCD) diet-induced murine model of MASH, oral administration of puerarin (200 mg/kg/day for 4 weeks) selectively suppressed the abundance of LPS-producing Helicobacter (genus) while enriching butyrate-generating Roseburia (genus), thereby ameliorating hepatic inflammation and steatosis (Gong et al., 2021). Butyrate, a SCFA critical for intestinal barrier integrity, mitigates endotoxemia by enhancing tight junction protein expression and suppressing NF-κB-driven proinflammatory cascades (Chen and Vitetta, 2020). Puerarin maintains gut homeostasis and the integrity of the intestinal mucosal barrier by enriching for the SCFA-producing bacteria Lactobacillus, Bifidobacterium and Turicibacter. In addition, these microbial shifts correlate with improved hepatic steatosis and lipid profiles (Yang et al., 2022).
These studies demonstrate that puerarin selectively suppresses the abundance of LPS-producing Helicobacter (genus) while enriching butyrate-generating Roseburia (genus). These microbial shifts are directly linked to butyrate-mediated intestinal barrier repair—evidenced by upregulated tight junction proteins—and inhibition of NF-κB-driven inflammatory signaling, thereby providing novel evidence for the “microbiota-host” interaction mechanism of isoflavonoids. However, the causal relationship between butyrate-induced NF-κB suppression and barrier restoration remains unelucidated, necessitating further validation through targeted metabolomics or functional assays using butyrate receptor antagonists (e.g., GPR109A).
4.1.4 Ophiopogonis Radix
MDG-1, a water-soluble inulin-type β-D-fructan isolated from Ophiopogon japonicus (Thunb.) Ker Gawl. (Asparagaceae), demonstrates multifaceted therapeutic potential in MASLD. Previous studies established its capacity to ameliorate hepatic lipid accumulation, steatosis, and insulin resistance through PPAR signaling modulation (Wang et al., 2017). Further investigations revealed that MDG-1 alleviates HFD-induced metabolic disorders by normalizing BA metabolic pathways, particularly through FXR-mediated regulation of hepatic CYP7A1 and intestinal FGF15 expression (Shi et al., 2016). Notably, MDG-1 exerts systemic metabolic benefits via gut microbiota remodeling. Chronic administration of MDG-1 (8% w/w dietary supplementation for 8 weeks) in HFD-fed C57BL/6J mice restored microbial equilibrium, selectively enriching SCFA-producing taxa such as Butyricimonas (genus) and Roseburia (genus), while elevating fecal concentrations of acetic acid and valeric acid (Wang X. et al., 2019). These microbial shifts correlated with AMPK pathway activation, evidenced by upregulated AMPK, SREBP-1c, and ACC-1, ultimately rebalancing hepatic lipid synthesis and oxidation (Si et al., 2018). This suggests that MDG-1 may exert anti-MASLD effects by promoting the production of SCFA, which in turn activates the AMPK signaling pathway in the liver. However, the causal relationship between MDG-1-induced enrichment of Butyricimonas/Roseburia and AMPK pathway activation remains unelucidated. Functional validation through germ-free animal models or genetic knockout experiments targeting SCFA receptors (e.g., GPR43, GPR109A) is required to confirm the direct regulatory effects of microbial metabolites (e.g., acetate, valerate) on host signaling pathways.
4.1.5 Dendrobii officinalis Caulis
Dendrobium officinale Kimura et Migo (Orchidaceae), a revered botanical drug in traditional medicine, contains bioactive metabolites including polysaccharides, phenanthrenes, and bibenzyls, which collectively exhibit hypolipidemic, hypoglycemic, hepatoprotective, and microbiota-modulating properties (Yang et al., 2020; Fang et al., 2022a). Mechanistic studies demonstrate its efficacy in countering lipid metabolic dysregulation. Polysaccharides isolated from Dendrobium officinale attenuate HFD-induced hepatic lipid deposition by ameliorating insulin resistance through PPAR-γ activation (Qu et al., 2021). Concurrently, standardized D. officinale extracts reduce oxidative stress and inflammatory cascades via inhibition of the NF-κB/IκB signaling axis, thereby mitigating hepatocyte injury (Zhou et al., 2025). Furthermore, D. officinale polysaccharides (250–1,000 mg/kg/day orally for 10 weeks) reshape gut microbiota composition in HFD-induced MASH rats, specifically suppressing intestinal barrier-disrupting taxa and LPS-producing bacteria. This microbiota remodeling prevents LPS translocation to the liver and inhibits TLR4/NF-κB pathway activation, resulting in attenuated hepatic inflammation and steatosis (Tian et al., 2023).
Despite significant advancements, critical limitations persist in current research: The specific molecular targets through which D. officinale polysaccharides regulate PPAR-γ or TLR4/NF-κB pathways—including receptor isoforms (e.g., PPAR-γ1/γ2) or epigenetic modifications (e.g., DNA methylation, histone acetylation)—remain unelucidated. Advanced techniques such as CRISPR-Cas9 knockout models or single-cell RNA sequencing are required to dissect these mechanisms. The chemical profile of D. officinale extracts—including polysaccharide molecular weight distribution and quantitative analysis of bibenzyls—fails to meet ConPhyMP guidelines for natural product quality control. Furthermore, synergistic effects between polysaccharides and other bioactive metabolites (e.g., phenanthrenes) remain unassessed, potentially underestimating the holistic therapeutic efficacy of the whole botanical drug.
4.1.6 Astragali Radix
Astragalus membranaceus Fisch. ex Bunge (Fabaceae), a cornerstone botanical drug in TCM, produces bioactive metabolites including astragaloside IV (AS-IV) and Astragalus polysaccharides (APS), which exhibit hypoglycemic, hypolipidemic, and immunomodulatory properties (Fu et al., 2014). APS ameliorates HFD-induced metabolic dysfunction by remodeling gut microbiota composition and function (Hong et al., 2020). Specifically, APS administration (8% w/w dietary supplementation for 13 weeks) regulated serum and liver BA profiles in HFD-fed mice, especially increased serum taurohyodeoxycholic acid (THDCA) levels—a BA species associated with improved hepatic lipid deposition and glucose homeostasis (Zheng et al., 2024). However, the precise mechanism by which APS upregulates THDCA and its direct anti-steatotic effects remain uncharacterized, necessitating targeted metabolomic and receptor antagonist studies.
Further investigations revealed that APS alleviates MASLD in rats by rebalancing gut microbiota homeostasis, which in turn suppresses serum proinflammatory cytokines (e.g., TNF-α, IL-6) and activates the AMPK-PPAR-α signaling axis to inhibit de novo lipogenesis (Zhong et al., 2022). Parallel studies on AS-IV, a cycloartane-type triterpene glycoside, demonstrate its dual regulatory capacity: (1) suppression of TLR4/MyD88/NF-κB signaling, leading to downregulation of hepatic TNF-α, IL-6, and IL-8 in MASLD rats (Liu et al., 2020); (2) modulation of the FXR signaling pathway via gut microbiota-mediated BA metabolism. AS-IV reduces BSH activity, increasing intestinal tauro-β-muricholic acid (TβMCA), a potent FXR antagonist. This inhibits intestinal FXR-FGF15 signaling while activating hepatic FXR-SHP, collectively suppressing lipogenesis (Zhai et al., 2022). Notably, while TβMCA is murine-specific, its human analog glycoursodeoxycholic acid (GUDCA) shares similar FXR-modulating effects (Sun et al., 2018), underscoring the need for clinical trials to validate AS-IV’s translatability.
4.1.7 Preliminary studies on additional botanical drugs
Emerging botanical drugs and their metabolites, though less extensively studied, demonstrate promising therapeutic potential for MASLD. Below, we critically evaluate their mechanisms of action through gut microbiota modulation.
Schisantherin A from Schisandra chinensis (Turcz.) Baill. (Schisandraceae): The lignan schisantherin A (80 mg/kg/day orally for 6 weeks) ameliorates hepatic steatosis in HFD-fed mice by restoring gut microbial diversity, particularly reducing the Firmicutes/Bacteroidetes ratio. This remodeling enhances intestinal barrier integrity (upregulated occludin) and reduces serum LPS levels, thereby inhibiting hepatic TLR4/NF-κB signaling and attenuating inflammation (Yu et al., 2022). However, the direct molecular targets linking schisantherin A to TLR4 pathway suppression (e.g., MyD88 phosphorylation or IRF3 activation) remain uncharacterized.
Caffeic Acid Phenethyl Ester (CAPE) from Chinese Propolis (Populus spp.): CAPE (75 mg/kg/day, 8 weeks), a major phenolic compound in Chinese propolis (15–29 mg/g) (Lv et al., 2021), mitigates HFD-induced MASLD by dual mechanisms: (1) inhibiting BSH activity, thereby increasing intestinal TCA and TDCA, which antagonizes FXR signaling; (2) reducing ceramide synthesis and enhancing GLP-1 secretion, collectively improving hepatic lipid metabolism (Zhong et al., 2023). Despite these insights, CAPE’s specificity for BSH inhibition (e.g., Bacteroides vs. Clostridium BSH isoforms) and its dose-dependent effects on FXR remain unaddressed.
Resveratrol from Vitis vinifera L. (Vitaceae): Resveratrol is a natural polyphenol that has been shown to be effective in improving liver inflammation and steatosis (Faghihzadeh et al., 2014; Faghihzadeh et al., 2015). Resveratrol (100 mg/kg/day, 12 weeks) attenuates MASLD progression via cannabinoid receptor modulation: inhibiting colonic CB1 receptors to preserve barrier function and activating CB2 receptors to suppress macrophage-driven inflammation (Chen M. et al., 2020). While effective in rodent models, its low oral bioavailability (<5%) and rapid phase II metabolism limit clinical utility. Nanoencapsulation strategies (e.g., chitosan-coated nanoparticles) may enhance its pharmacokinetic profile.
Tectorigenin (Tg) from Belamcanda chinensis (L.) Redouté (Iridaceae): Tg (25–50 mg/kg/day, 6 weeks), an isoflavone abundant in Belamcanda rhizomes, reshapes gut microbiota by promoting Akkermansiaceae (genus) and Verrucomicrobia (genus), which correlate with reduced hepatic TLR4/NF-κB activation and LPS-induced inflammation. Concurrently, Tg activates hepatic FXR and intestinal CYP7A1, accelerating BA synthesis and fecal excretion, thereby reducing lipotoxicity (Duan et al., 2022). However, the interplay between Tg-induced BA flux and microbiota remodeling requires validation using FXR knockout models.
In summary, preclinical studies highlight the therapeutic potential of botanical metabolites in MASLD through multi-target modulation of gut microbiota, including enrichment of SCFA-producing taxa, suppression of endotoxin-generating pathogens, and restoration of intestinal barrier integrity. These effects correlate with improved hepatic lipid metabolism and inflammation via pathways such as FXR/TLR4 signaling and AMPK activation. However, key limitations impede clinical translation. Firstly, overreliance on animal models with insufficient validation of bioavailability and in vitro efficacy. Secondly, incomplete elucidation of causal microbiota-host interactions and mechanistic signaling networks. Thirdly, lack of standardized phytochemical characterization and safety profiling for complex botanical drugs. Future research should prioritize translational strategies, including large-scale clinical trials with histological endpoints, advanced multi-omics integration to dissect metabolite-microbiota crosstalk, and nanotechnology-based delivery systems to enhance bioavailability. Additionally, mechanistic studies using germ-free models or receptor-specific knockouts are warranted to validate therapeutic targets and optimize botanical formulations for clinical application.
4.2 Polyherbal formulations improve MASLD by modulating gut microbiota
4.2.1 Zuogui-Jiangtang-Qinggan-Fang
Zuogui-Jiangtang-Qinggan-Fang (ZGJTQGF), a decoction comprising ten botanical drugs including A. membranaceus Fisch. ex Bunge (Fabaceae), C. chinensis Franch. (Ranunculaceae), and P. lobata (Willd.) Ohwi (Fabaceae), demonstrates multi-target efficacy against MASLD. In HFD-induced C57BL/6J mice, oral administration of ZGJTQGF (15 g/kg for 8 weeks) attenuated hepatic steatosis by restoring lipid homeostasis and enhancing intestinal barrier integrity, as evidenced by upregulated tight junction proteins (ZO-1, occludin, and claudin-1). Gut microbiota analysis revealed significant enrichment of SCFA-producing taxa, including Lactobacillaceae (family), Lactobacillus (genus), Akkermansia (genus), and Bacteroidota (phylum), accompanied by elevated fecal acetate and butyrate concentrations (Zou et al., 2023). The synergistic effects of ZGJTQGF’s multi-component composition—such as berberine from C. chinensis (FXR activation) and puerarin from P. lobata (NF-κB inhibition)—highlight its “multi-metabolite, multi-pathway” therapeutic strategy. However, critical gaps persist: Firstly, the necessity of microbiota remodeling for ZGJTQGF’s efficacy remains unproven, requiring validation via FMT or germ-free models. Secondly, batch-to-batch variability in the decoction’s chemical profile (e.g., alkaloid/polysaccharide ratios) lacks standardization per ConPhyMP guidelines.
4.2.2 Zexie-Baizhu Decoction
Zexie-Baizhu Decoction (AA), a Chinese classical formulation composed of Alisma orientalis (Sam.) Juzep. (Alismataceae) and Atractylodes macrocephala Koidz (Asteraceae) in a 5:2 ratio, has a long history of use in treating metabolic disorders. Multi-omics analysis showed that AA was able to regulate energy sensors, inhibit adipogenesis and alleviate lipid metabolism disorders (Cao Y. et al., 2022). In MASLD mice, AA administration (1.5 g/kg/day orally for 24 weeks) significantly ameliorated HFD-induced liver injury. Further analysis revealed that AA inhibited hepatic lipid deposition by regulating gut microbiota and its metabolites SCFA and BA, highlighting the potential of AA in regulating lipid metabolism (Shi et al., 2025). These findings provide new perspectives on the anti-MASLD effects of AA and deserve more in-depth studies to elucidate its specific mechanism.
4.2.3 Qushi Huayu Formula
Qushi Huayu Formula (QSHY), a polyherbal preparation containing Artemisia capillaris Thunb. (Asteraceae), Reynoutria japonica Houtt. (Polygonaceae), Hypericum japonicum Thunb. ex Murray (Hypericaceae), Curcuma longa L. (Zingiberaceae), and Gardenia jasminoides Ellis. (Rubiaceae), demonstrates efficacy in improving hepatic lipid metabolism in MASLD patients (Liu et al., 2024). In HFD-induced murine model, QSHY (0.93 g/kg/day orally for 4 weeks) activated hepatic AMPK, downregulated sterol regulatory element-binding protein 1 (SREBP-1) and carbohydrate-responsive element-binding protein (ChREBP) expression, and suppressed de novo lipogenesis (Feng et al., 2013). Gut microbiota profiling revealed QSHY’s capacity to enrich Parabacteroides (genus). Additionally, QSHY inhibited colonic MAPK signaling, preserving tight junction integrity (ZO-1, occludin) and attenuating endotoxin translocation (Leng et al., 2020). However, the causal link between MAPK inhibition and microbiota remodeling requires validation via FMT studies.
4.2.4 Shenling Baizhu Powder
Shenling Baizhu Powder (SLBZP), a spleen-invigorating formulation from the Song Dynasty’s Taiping Huimin Hejiju Fang, comprises 10 botanical drugs, including Panax ginseng C.A.Mey. (Araliaceae) and Dioscorea polystachya Turcz. (Dioscoreaceae). SLBZP (30 g/kg/day orally for 16 weeks) enhances gut microbiota-derived SCFAs by enriching Bifidobacterium (genus) and Anaerostipes (genus), which activate the UCP2/AMPK/IF1 signaling axis to boost hepatic mitochondrial ATP synthesis (Zhang et al., 2018; Yao et al., 2023). Parallel studies demonstrated that SLBZP reduces intestinal LPS translocation by suppressing TLR4/NLRP3 inflammasome activation, thereby downregulating hepatic pro-inflammatory factor expression (Pan et al., 2021). Nevertheless, the upstream regulators connecting TLR4 signaling to NLRP3 activation (e.g., MyD88/TRIF adaptors) remain uncharacterized.
4.2.5 Zhishi Daozhi Decoction
Zhishi Daozhi Decoction (ZDD), a classical formulation comprising eight botanical drugs such as Citrus aurantium L. (Rutaceae), Rheum palmatum L. (Polygonaceae), C. chinensis Franch. (Ranunculaceae), and Scutellaria baicalensis Georgi (Lamiaceae), demonstrates therapeutic potential in MASLD. Preclinical studies in HFD-fed mice revealed that ZDD (14.5 g/kg/day orally for 4 weeks) modulates gut microbiota composition by decreasing Firmicutes/Bacteroidetes ratio, while enhancing intestinal barrier integrity via upregulation of occludin and ZO-1 (Bi et al., 2022). These changes correlated with reduced hepatic triglyceride content. However, the absence of FMT to validate causality and the lack of mechanistic details (e.g., specific microbial taxa or signaling pathways involved) limit the interpretability of these findings. Future studies should employ metagenomic sequencing and targeted metabolite profiling to dissect ZDD’s microbiota-dependent effects.
4.2.6 Si Miao Formula
Si Miao Formula (SMF), a polyherbal preparation containing P. chinense C.K.Schneid. (Rutaceae) bark, Atractylodes lancea (Thunb.) DC. (Asteraceae) rhizome, Coix lacryma-jobi L. (Poaceae) seeds, and Achyranthes bidentata Blume (Amaranthaceae) roots, exhibits therapeutic effects on hyperuricemia and MASLD (Lin et al., 2020). Recent studies have found that SMF has the potential to ameliorate insulin resistance and inhibit adipogenesis (Jiang et al., 2022). In high fat/high sucrose diet-fed mice, SMF (10–20 g/kg for 16 weeks) ameliorated insulin resistance and hepatic lipid deposition by modulating gut microbiota (e.g., enriching Akkermansia [genus]). SMF suppressed hepatic de novo lipogenesis via FXR/SREBP-1c signaling inhibition, downregulating key lipogenic genes (Acly, Fas, Acc, and Scd-1) and pro-inflammatory cytokines (Han et al., 2021; Chen et al., 2022). Despite these benefits, the formulation’s batch-to-batch variability (e.g., alkaloid content from P. chinense) and the absence of clinical validation necessitate further standardization and human trials.
4.2.7 Lingguizhugan Decoction
Lingguizhugan Decoction (LGZG), a four-herb formulation including Poria cocos (Schw.) Wolf (Polyporaceae), Cinnamomum cassia (L.) J. Presl (Lauraceae), A. macrocephala Koidz. (Asteraceae), and Glycyrrhiza uralensis Fisch. ex DC. (Fabaceae), improves insulin sensitivity and hepatic steatosis in MASLD (Dai et al., 2022). In HFD-induced MASH mice, LGZG (2.5–10 g/kg/day orally for 4 weeks) reshaped gut microbiota by increasing Bacteroides (genus) and Akkermansia (genus), while reducing tauro-α/β-muricholic acid (Tα/βMCA) levels and elevating deoxycholic acid (DCA). This BA profile activated hepatic FXR/TGR5 signaling, attenuating lipid accumulation (Wang J. et al., 2024). LGZG also inhibited the STING-TBK1-NF-κB pathway in Kupffer cells, mitigating LPS-induced oxidative stress and inflammation (Cao L. et al., 2022). Nevertheless, the interplay between microbiota remodeling and STING pathway suppression remains unelucidated, requiring co-culture models or single-cell transcriptomics for validation.
4.2.8 Chaihu Guizhi Ganjiang Decoction
Chaihu Guizhi Ganjiang Decoction (CGGD), derived from Treatise on Febrile Diseases, contains seven botanical drugs, including Bupleurum chinense DC. (Apiaceae), C. cassia (L.). J.Presl (Lauraceae), and S. baicalensis Georgi (Lamiaceae). Numerous studies have shown that the metabolites of CGGD have various effects such as anti-inflammatory, antifibrotic and improved liver function (Ahn et al., 2021; Li X. et al., 2021). In MCD-induced MASH rats, CGGD (5.1–20.4 g/kg/day orally for 6 weeks) reduced pro-inflammatory taxa and preserved intestinal barrier function, thereby lowering hepatic LPS levels and TLR4/MyD88/NF-κB activation (Wu et al., 2024). Concurrently, CGGD enhanced PPARα-mediated fatty acid oxidation. While promising, the lack of chemical standardization (e.g., saikosaponin content from B. chinense) and clinical data limits its translational potential.
4.2.9 Preliminary studies on additional polyherbal formulations
Salvia-Nelumbinis Naturalis (SNN) is a polyherbal formulation comprised of four botanical drugs, including Salvia miltiorrhiza Bge. (Lamiaceae), Semen Nelumbinis, R. japonica Houtt. (Polygonaceae), A. capillaris Thunb. (Asteraceae) (Ma et al., 2017). SNN (750 mg/kg/day orally for 4 weeks) attenuated LPS-induced intestinal barrier dysfunction by activating colonic FXR-FGF15 signaling and normalizing fecal BA profiles (Li C. et al., 2021). Qingrequzhuo capsule (QRQZ) improved hepatic inflammatory and lipid metabolism in MASH mice mainly by modulating gut microbiota and intestinal mucosal barrier, which in turn inhibits the TLR4/NF-κB pathway though its chemical composition remains uncharacterized (Lv et al., 2022). Yindanxinnaotong reduced hepatic lipid deposition via AMPK-mediated fatty acid oxidation, yet its multi-omics data lack functional validation (Huang et al., 2024).
In conclusion, polyherbal formulations demonstrate significant therapeutic potential for MASLD through microbiota-centric mechanisms. However, current studies on polyherbal formulations for MASLD exhibit the following shared limitations: Firstly, polyherbal formulations comprise chemically complex mixtures of botanical metabolites that interact with multiple host-microbiota targets. Current studies often fail to distinguish the contributions of individual components or validate causality via functional assays (e.g., FMT, germ-free models). Secondly, batch-to-batch variability in bioactive constituents (e.g., alkaloid content in SMF, saikosaponins in CGGD) undermining reproducibility. To address these gaps, future research must prioritize integrate multi-omics (metagenomics, metabolomics) with in vitro systems (gut-liver organoids) to deconvolute metabolite-microbiota-host interactions. Besides, establish standardized protocols for extract preparation (e.g., HPLC fingerprinting of ZGJTQGF’s berberine/puerarin ratios) and pharmacodynamic evaluation aligned with pharmacopeial standards.
5 SUMMARY AND PROSPECTS
MASLD remains a formidable clinical challenge, with current therapeutic strategies predominantly limited to lifestyle modifications and pharmacological agents offering marginal histological benefits. The absence of universally approved disease-modifying drugs underscores the urgent need for novel therapeutic paradigms. Emerging insights into the gut-liver axis have redefined MASLD as a multisystem disorder, where intestinal dysbiosis, mucosal barrier dysfunction, and microbiota-derived metabolites (e.g., LPS, SCFAs, BAs) drive hepatic inflammation and metabolic dysregulation. Clinical and preclinical evidence consistently links gut permeability alterations, endotoxemia, and microbial metabolite imbalances to MASLD progression, positioning intestinal homeostasis restoration as a pivotal therapeutic target. Current research on botanical drugs and metabolites interventions for MASLD highlights the following evidence-based advantages: 1. Multi-target regulation: Botanical drugs exert synergistic therapeutic effects by modulating gut microbiota composition (e.g., enriching SCFA-producing bacteria and suppressing endotoxin-generating taxa), restoring intestinal barrier integrity (via upregulation of TJ proteins), regulating BA metabolism (through FXR-FGF15 axis activation), and inhibiting inflammatory pathways (e.g., TLR4/NF-κB signaling). Representative plant-derived metabolites such as berberine, curcumin, and resveratrol, as well as standardized polyherbal formulations like Yinchenhao Decoction and Simiao Formula, exhibit systemic regulatory actions across these pathways. 2. Dual metabolic-immunological modulation: Botanical drugs not only ameliorate lipid dysregulation (e.g., SREBP1c inhibition and AMPK activation) but also attenuates hepatic injury by reshaping the intestinal immune microenvironment, including NLRP3 inflammasome suppression and Th1/Th2 balance restoration. This reflects a holistic therapeutic strategy centered on the gut-liver axis. 3. Enhanced safety and tolerability: Compared to conventional agents such as vitamin E (Chalasani et al., 2018; Powell et al., 2021) and pioglitazone (Tahara, 2021), botanical drugs and metabolites interventions (e.g., Spleen-Strengthening and Liver-Draining Formula, chitosan-coated curcumin) demonstrate lower risks of adverse effects in clinical trials, particularly suitable for long-term management. 4. Microbiota-dependent bioactivation: Gut microbial biotransformation of botanical drugs generates highly active metabolites (e.g., hydrolysis of flavonoid glycosides to aglycones), improving bioavailability and tissue specificity. This unique “host-microbe” collaborative mechanism underscores the pharmacological synergy between botanical drugs constituents and commensal microbiota.
Despite the remarkable progress made, we have to admit that there are still some key limitations in the current research on the treatment of MASLD with botanical drugs and metabolites: 1. Mechanistic superficiality: Most studies remain confined to correlational analyses, lacking causal validation of botanical metabolite-microbiota interactions or metabolite-host signaling pathways. Key gaps include insufficient use of genetically modified animal models (e.g., FXR or TLR4 knockouts) and germ-free systems to isolate microbial contributions. 2. Model inadequacy: Overreliance on homogeneous models—primarily HFD or MCD diet-induced male C57BL/6J mice—fails to recapitulate MASLD heterogeneity. Choline-deficient models rapidly induce MASH-fibrosis while showing relatively poor translatability. Conversely, HFD diet models mimic metabolic dysregulation but rarely develop significant fibrosis (Vacca et al., 2024). This “metabolism-fibrosis dichotomy” undermines pathological relevance. Additionally, female subjects and genetic diversity (e.g., ob/ob, db/db strains) remain underexplored. 3. Standardization deficits: Variability in botanical drug sourcing, extraction protocols (aqueous vs. ethanol), and polyherbal formulation ratios hinder cross-study reproducibility and global translation. 4. Clinical evidence limitations: Existing trials predominantly exhibit small cohorts (<100 participants), short durations (<6 months), and absence of liver biopsy-confirmed endpoints. Furthermore, personalized therapeutic responses linked to baseline microbiota signatures are rarely stratified. 5. Long-term safety uncertainty: Current clinical guidelines for MASLD lack specific recommendations for botanical drug applications, posing challenges in therapeutic implementation. Key limitations include insufficient characterization of long-term safety profiles and potential toxic metabolites. While berberine demonstrates metabolic benefits in MASLD with manageable gastrointestinal effects (e.g., nausea, diarrhea) (Nie et al., 2024), the toxicological risks of most phytochemicals remain unverified. Besides, pharmacological interactions between botanical and conventional drugs, where established combinations (e.g., warfarin, cyclosporine) may induce toxicity or reduce therapeutic efficacy (Awortwe et al., 2018). These knowledge gaps underscore the necessity for rigorous clinical evaluations of safety parameters and botanical drug-conventional drug interactions to enable standardized botanical therapy integration in MASLD management.
To address current limitations in TCM-based MASLD research, future studies must integrate cutting-edge technologies to achieve mechanistic and clinical breakthroughs. Firstly, Systematic integration of metagenomics, metabolomics, and proteomics can delineate gut microbiota signatures and metabolic networks modulated by botanical metabolites. AI algorithms (e.g., deep learning for network pharmacology) may predict tripartite interactions between plant-derived metabolites, microbial enzymes, and host targets, enabling rational optimization of polyherbal formulations and identification of bioactive metabolites (Niu et al., 2023; Qian et al., 2024). Secondly, leveraging rapidly advancing precision delivery technologies, engineered nanocarriers (e.g., lipid nanoparticles or exosomes) with colonic targeting capacity could enhance localized exposure of hydrophobic metabolites while minimizing systemic absorption. This approach may synergize with CRISPR-Cas9/phage-mediated ablation of pathobionts (e.g., ethanol-producing K. pneumoniae), enabling restoration of microbial ecology through pathogen-specific elimination without inducing broad-spectrum dysbiosis, particularly when combined with botanical drug interventions. Thirdly, botanical drug-based management of MASLD necessitates large-scale clinical validation and personalized therapeutic design. Multicenter RCTs with extended follow-up (>12 months) should adopt histological endpoints (NAS score, fibrosis stage) and stratify outcomes by baseline microbiota clusters. Machine learning-based integration of metagenomic, metabolomic, and host genomic data could guide precision prescriptions aligned with TCM syndrome patterns. Finally, proactive interdisciplinary exploration of therapeutic mechanisms is essential. Utilizing organoid models and single-cell sequencing technologies could unveil the multi-tissue regulatory effects of botanical drugs and polyherbal formulations on the intestinal epithelial-immune-hepatic stellate cell axis. In conclusion, the therapeutic potential of botanical drugs and metabolites in MASLD must be fully unlocked through technological innovation and interdisciplinary collaboration, thereby offering safer, more efficient systemic solutions for global MASLD management.
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[Asteraceacs Artemisiae Scoparie
Herbal, Reynouria japonica
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retcuata Banco [Rutacea; G
Retclaae Percarpium]

Alisma orinials (Sam.) Juzep. The components were mixed | Monosaccharides and v | Male CS7BLIG] mice (32,8 1500 mglkg, oral Gubra-Amyiin
[Alismataceacs Alismatis at 522 ratio, soaked in water | oligosacchardes 6279%, igroup) administration 24 wecks | NASH (GAN)-diet
Rhizomal, Aractyldes (30 min) and decocted (2 h, | Polysaccharides 19.26%, Amino acds
Macrocephala Koidz [Asteraceac low het). The extract was. | 374% Nucleosides 04%, Others
Atracylodis Macrocephalie  vacuum-concentrated, 70%
Rhizomal Iyophilized to powder (yild:
30% storage: ~20C), and
reconsituted in 0.5% sodium
carboxymethyl cellulose
(CMC-Na) before use
Artemisia capillaris Thunb. QSHY granules were Quinic acid, Deacetylasperulosidic | fnviwo | Patients with MASLD (246, QSHY granules (5.2 g bidh),
[Asteraceac; Artemisiae Scopariae  manufactured by Jiangyin | acid, Gallc acid, Neochlorogenicacid, 1237123 oral administration 24 wecks
Herbal, Reynouria japonica  Tianjiang Pharmaceutical | Geniposidic acd, Shazhisde, 34-
Hout. [Polygonaceac; Polygoni  Co, Lid. Dihydroxybenzaldehyde,
Cuspidat Rhizoma et Radis] Gardenoside, Perocrosine acid, tc.
Hypericum Tour. ex L.
[Hypericacese; Hyperit Perfrati
Herbal, Curcuma longa L.
[Zingiberaceae; Curcumac
Longac Rhizoma, Gardenia
jasminoides  Ellis (Rubiaceae:
Gardeniae Fructus]
Artemisia capilaris Thunb. Water extracton: Gardeniae | Quinic acid, Deacetylasperulosidic | In vivo | Male CS7BLI6 mice (36,9 mice/ | 093 ghg, gavage 4 weeks | High-at dict
[Asteraceae; Artemisiae Scoparie  fructus and Hyperici Peforai | acid, Gallcacid, Neochlorogenicacid, group)
Herbal, Reynouria japonica  Herba underwent tipe rellux | Geniposidic acd, Shazhisde, 34-
Hout. [Polygonaceac; Polygoni extaction (1.5 h each) with | Dibydroxybenzaldehyde,
Cuspidati Riizom et Radix],  10% vt (v/w). Post- Gardenoside, Pcrocrocinic acid,
Hypericum Tourn. ex L. concentraton, the extact was | Chlorogenic acd, Caffic acid,
[Hypericaceae; Hyperic Perforati thanol-precpitated (60% v/v, | Genipin 1-gentiobios
Herbal, Curcuma longa L. 4G, 12 b, followed by rotary | Hydroxyacetophenone, Geniposide,
[Zingiberaceae; Curcumac evaporation (78°C, 220 Pa, | Picrocrocn, Polydatin, etc.
Longac Rhizomal, Gardenia 12 rpm). Ethanol extraction:
jasminoides  Ellis (Rubiaceac;  Atemisiae Scoparie Herba,
Gardeniae Fructus] Polygoni Cuspidati Rhizoma
e Radix, and Crcumae
Longae Rhizoma were rple-
extracted with 75% ethanol
(15 h each). Ethanol vas
removed via identicl
evaporation parameters. Final
preparation: Combined
aqueous/ethanl extacts were
condensed t0 0.93 g crude
herb/mL.
Panax ginseng C. A. Mey Mixina ratioof 55554333 | Ginsenosides Rb, Ginsenosides Re, | Invivo | Male Sprague-Dawley rats (72, | 30 glkg, gvage 16 weeks | Higheat dict
[Aralscesc; Ginseng Radix et~ 22 in sequence. The formula. | Glyeyrhizinate, Atractylodes lactone: 12 ratsgroup)
Rhizomal, Poria cocos (Schw)  granules were dissoved in | Il Atratylodes lactone Il
‘Wolf [Polyporaceacs Porial,  distlled water and stored | Atractylodes lctone I Poria ac,etc
Aractyodes Macrocephala Koidz 3t ~4°C
[Asteraceae: Atactylodis
Macrocephalac Rhizoma,
Dioscorea plystachya Turce.
[Dioscoreaceaes Dioscoreae
Rhizomal, Lablab purpureus (1)
Sweet [Fabaceae; Lablab Semen
Albuml, Nelumbo nucifra
Gaertn. [Nelumbonaceas
Nelumbinis Plumulal,
Glyyrrhiza uralensis Fisch. ex
DC. [Fabacese: Glycyrehicae
Radix K Rhizomal, Coix acryma-
jobi L. [Poaceac; Coics Semenl,
Platycodon grandiforus (Jacq)
ADC. [Campanulaceac:
Platycodonis Radix], Amomun
villsum Lour. Zingiberaceae
Amomi Fructus]
Panax ginseng C. A. Mey. Prepare the SLBZP into an | Quercetn, Quercetin-3-0- Invivo | Male CS7BLIG mice (48,8 mice/ | Low/Middie/High-dose High-fa diet
[Aralaceac; Ginseng Radix et aqueous decoction accor galacoside, Queretin-3-0- group) group: 234/4.689.36 g,
Rhizomal, Poria cocos (Schw)  tothe sandard of akingorally | galactoside, Ginsenoside Ro, gavage 4 wecks
Wolf [Polyporaceac; Poral, 6 g oally thrce daly,  Ginsenoside Rg3(S-FORM),
Aractyodes Macrocephala Koidz  stord, scled at #Cand | Licoricesaponin G2, Ginsenoside Rg2,
[Asteraceae: Atactyiodis administered by heating in 2 Atracylenolide I1, Ginsenoside
Macrocephalae Rhizomal, water bath at 37°C during | RgS, et
Dioscorea poysiachya Turcr.  gavage
[Diescoreaceas Dioscoreae
Rhizomal, Lablab purpureus (.)
Sweet [Fabaceacs Lablb Semen
Albuml, Netubo nucifra
Gaertn. [Nelumbonaceacs
Nelumbinis Plumulal,
Glyyrohiza uralesis Fisch, ex
DC. [Fabaceae: Glycyrrhizae
Radix E Rhizomal, Coi lacryma-
jobi L. [Poaceacs Coics Semenl,
Platycodon grandiforus (Jacq)
ADC. [Campaniaceac;
Pltycodonis Radix), Amomun
villosum Lour. (Zingberaceac:
Amomi Fructus]
Citrus aurantium L. [Rotaceae; Herbal components [Auranti | Synephrine, Anthraquinone. Invivo | Male CS7BLIG mice (43, control | 145 ghe, gavage 4 wecks | High-fat diet
Aurants Fructus), Rheam Fructus (123g), Rhci Radix Et Berberin, Baialin, Alisol B 23- group: 13 mice, 10 mice of the
palmatum L. [Polygonaceac; Rhci  Rhizoma (64 g, Coptdis | acetate, Alsol C 23-acetat, etc. remaining three groups)
Radix Et Rhizomal, Copts Rhizoma (192 ), Sunelariae
chinensis Franch. Radix (12 g, Fermentum
[Ranunculaceae; Coptdis Rubrum (19.2 ) Atractylodis
Rhizomal, Scutelaia baicalensis  Macrocephalae Rhizoma
Georg [Lamiaceae Sutelarine  (19.2 ) Poria (192 g,
Radix) Monascus purpureus Alismatis Rhizoma (128 ]
Went. [Aspergilus: Fermentum  were decocted via two-stage
Rubruml, Arachylodes extracton: Primary decoction:
Macrocehala Koidz [Asteraceae; 300 mi. HO, 30 min:
Atractodis Macrocephalae  Secondary decotion: 200 ml
Rhizomal, Poria coces (Schw)  H,0, 30 min. Combined
Wolf [Polyporaceae; Poria,  filtrats were concentrted to
Alsma orintals (Sam.) Juzep. 145 g/mi. (cude drug
(Alismatacea; Alsmat cquivalence) and sored at
Rhizoma] ~4C (ZDD preparation)
Phelodendron chinense Schneid.  Mix in a weight rato Aviginine, Betaine, Sucroe, Invivo | Male CS7BLI6 mice Low/High-SMF group: 10/ | High fathigh sucrose
[Rutaceac; Phellodendri proporton of 21:2:1 Guanosine, Clansenamide, 20 ghg gavage 16 weeks | diet
Chinensis Cortex), Atracyodes  (Phellodendr Chinensis Magnoflorine, Phelodendrine,
lancea (Thunb) DC. [Asteraceae;  Cortex:Atractylodis Rhizoma: | Neochlorogenic acid, Magnocurarine,
Atracylodis Rhizomal, Coix  Coics SemenAchyranthis | Menisperine, Chlorogenic acid, 3-0-
lacrymacjob L. [Posceae; Coicis  Bidentatac Radix) based on  ferulylquinic acid,
Semenl, Adranhes bidentata  Chinese Pharmacopocia 2020 | Cryptochlorogenic acid, eic.
Blame [Amaranthaceac adiion
Achyranthis Bidentatae Radis]
Poria cocas (Schw) Wl Extract the botanical drugs (1 | Cinnamaldehyde, Giyeyrhizic acid, | In vivo | Male mice Low/MiddlelHigh-dose High-fat diet
[Polyporaceac; Porial, 3:32) twice at a rato of 18| 2-Atractylenolide, Pachymiec aci group: 25/5/10 gk, gavage 4
Cinnamomum cassia (L) ). Presl botanical drugs to water for weeks
lLaursceac; Cinnamomi 15 exch time.

Ramulus), Aractlodes
Macrocephala Koide [ Aseraceacs
Atrctylodis Macrocephalae
Rhizomal, Glyoyrrhia aralenss
Fisch.ex DC. [Fabaceae
Glyeyrhizae Radix et Rvgomal

Bupleurum chinense Franch, In accordance with the Baicalin, Wogonoside, Glycyrhizin, | I vivo | Male Sprague-Daveley rats (40,8 | Low/Middle/High-dose MCD diet
[Apiaceacs Bupleuri Radix], compound proportion, the | 6-shogaol, Wogonin, Sakosaponin A, ras/group) group: 5.1/1021204 kg,
Scutellaria baicalensis Georgi  recommended amount of | Liquiritn apioside, Sakosaponin C, gavage 6 wecks

[Lamiaceac; Sutelariae Radix),  medicinal materals in CGGD | Liquirtn, 6-gingerol, Oroxyln A,
Cinnamomum cassia (1) | Presl  was weighed and extracted | Saikosaponin D, Isliquritin,
[Lauraceae; Cinnamonni tice with 10 water refluxes, | Hispidulin, tc.

Ramulus], Zingiber offcinale 1 h each time, percolated with

Roscoe (Zinglberaceac; Zingiberis 2 200-mesh flration fabric,

Rhizomal, Trichosanthes Kirlowii —then merged with the column,

Maxim. [Cucurbitaceae: evaporated, concentrated 0

Trichosanthis Radix), Ostrea  thick paste, and freezedried

Gigas thunberg [Oyster; Ostreae

Conchal, Glyeyrhiza uralenss

Fisch, ex DC. [Fabacee;

Glyeyrrhizac Radix et Rhizoma]

Sabia illioriza B (Labiatoc; M ina rato o 15:1:2525: | Tanshinone 1A, Danshensu, Invivo | Ml CS7BLIGmice (248 mice/ | 750 mgkg, gavage 4 wecks | MCD dict
Savie Mitorhizac Radixet 15 insequence,and reflux | Savianolc acid B, Nucfrine, sroup)

Rhizomal, Semen Nelumbinis  extracted by water, which was | Emodin, Chlorogenic acid, et

[Nymphacaceac; Nelumbinis  subsequenty concentrated,

Foliml, Ariemisia capilris  and extacted with thanol

Thunb. [Aseraceae; Aremisiac
Scopariae Herbal, Reynoutria
Japonica Houtt. [Polygonacee
Polygoni Cuspidati Rhizoma et
Radix]

Morusalb L. [Moracese; Mori 15 g of Mori Folium, 9 g of | Rutin, iersie , icosde Il Ivivo | Male CTBLIG mice (60,10 | Low/Middie/High-dose
Folium], Neopicrorhiza Picrorhiaze Rhizoma, 12 g of | Mangifern, Timosaponin B I micelgroup) group: 048096/192 ghg. | choline defcient
scophdarifloa (Pennel) Anemarrhenae Riizom, 12| Plantamajoside, Asibin, Hesperidin, vage 6 wecks (VD) dit
DY Hong [Planaginaccac:  of Planagins Herba, 15 g of | Nobilein, Safflomin A, Kaempferol,
oriaze Rhizomal, it Retclatae Percarpum, | Rhaponitcn, Cyasteronc tc.
Anemarrhena asphodclodes 9 g of Carthami Fos, 6 of
Bunge [Asparagaceac Rhei Radix B Rhizoma, 15 &
Anemarthenae Rhizoml, of Smilacis Glabrac Rizom,
Plantago asarca L. 12 g of Diosorea Rizoma,
[Plantaginaceae Plantaginis 12 gof Achyranthis Bidentaae
Herbal, Cirus reticata Banco. Radix were weighed, mixed,
[Rutsccaes Ci Retilatae  decocted and evaporated to
Pericarpiun), Carthanus obtan the xtract povwder. The
fnctorius L. [Aseraceae poders were made ino
Carthami Hos, Rheun capsue (05 g pe capse)
pabmatum 1. (Plygonsceae R
Radix Bt Rhizomal, Snil gabra
Rob. [Smiacaceac: Smilacs
Glbrae Rhizomal, Dioscorea
pobstachya Turce
[Dioscoresceae Dioscoreae:
Rhizomal, Acyranihes bidenata
Blume [Amaranthaceac;
Achyranthis Bidenttae Radix]

Effects on gut microbiota Effects on intestinal Gut microbiota- Metabolic Mechanisms References

mucosal barrier  derived metabolites phenotypes

Metformin: 0.067 gk, gavage | Firmicutes, Desulfobactrota, and Proteobacteria; | 1 The ileum vilus height, 1 SCFA (acetate, propionate, | | Insulin reistance,liver Activation of AMPK signaling: | Zou et l. 2023)

8 weeks

1 Bacteroidota; | Firmicute/Bacteridetes ra
Lachnospiraceac and Desulfovibrionacea; |

1| width and villus heightcrypt | butyrate, isobutyrate, valerate | weight, lver index, FBG, fasting | | CD36, PPAR-y, SREBE
i | Goblet cells; | and isovaleate) insuln (FINS); ACC, C/EBPa and LXR-a

Muribaculaceae nd Lactobacilaeacs | 701, 3nd I Serum ALT, AST, TG, TC,
Lachnospiraceae_NKA4A 136_group and and LDLC
Desulfoitrios T Lactabacilusand Akkermansia
LFirmicutes Bacteroidetes ratics Enbancemen of mesinal 1 SCFA (actc acid and 1 Body weiht, liver weght: | 1 The BAs eceptor Gpbarls | hi et al. 2025)
1 Akkermansia mucniphila barier intcgrty propionic acd) | LCA(LCA + | | ALT, AST, TG, TC,and LDL- | |The SCFAS recepor FFAR2

CDCA) atio and LCA/LCA + | C; | Fsting blood ghicose

UDCA) raio (FBG): T Glucose tlerance: |

Lipid accumulation

= UFirmicutes{Bacteridetes ratio; - N 1 Serum ALT; - Liuet al. (2020)
| Escherchia-Shigella; 1 Liver fat
1 Bacterides, Lachnoclotrdium, Tyzzerella, and
Bupricicoceus
Sodium butyrate (NaB): 1 Parsbacteroides; 120-1, and Occludin: Lus 1 Body weight. L LBP, TLRA, CDM, p-NExB | Lenget al. 2020)
200 mghg, gavage 4 weeks | Odoribacter, Rikenclla, Tyzzercla 1 Liver TG P65 subunit and pIxB in liver
Intestnibactr, Romboutsa and Lachnospiraceae tissues
1 TNF-o, 1L-1p and 1L:6;
Inhibition of the MAPK
pathay
Probiotics: 06 kg, gavage 16| Firmicutes/Bacteroidetes ratios | Actnobacieria | Enhancemen ofimestinal | | LPS: | SCFA 1 Liver weight | Serum ALT, | ITLRUMYDSS signaling: Zhang et al.
weeks and Cyanobacteria: | Verrucomicrobiums | barrier integity AST; | Serum andlver TC, TG: | | NLRP3 inflammasome o)
Akkermansia | Blautia, Roscburia,
Phascolarctobactrium, and Desulfovibrio
Metformin: 0.468 gkg, gavage 1 Profeobacteria, Bacteroidets: | Firmicutes 1| _ N 1 Weight, the liver-tobody | | UCP2; T AMP Yao etal. (2023)
A wecks uncaltured_bacterium_(_Muribaclaceae, ratio; | ASTand TBIL | Serum | regulation the UCP2/ AMPK/IFL
Lactobacilus, and Duchenne | Helcobacter TG, TG, and LDL.C: T Serum | signalling pathway, thrcby
HOLC afecting mitochondrial nergy
metabalism
polyene phosphatidylcholine | Finmicutes/Baceroidetes ratio 1 occludin and 20-1 1 SCFA (acetic acid, propionic | | Weight; | Serum TG, ALT, | _ Bietal. 022)
(PPC): 120 mglkg, gavage 4 acd and butyic acid) and AST
weeks
- 1 Verrucomicrobia and Proeobacteria; | 1201 N 1 Volume of adipocytes; Liver | | NLRP3, IL-1a, MCP- Hanetal, (2021)
Firmicutes | Akkermansia, Faecalibaculum, and TG: | Serum TG, LDLC, ALT,
Caproicprocens AST; | FBG, AUC values of
both IPGTT, and IPITT; |
insulin resistance
N 1 Bacerodetes | Lactobaclls, T Akkermansia | _ 1 TaMCA, TRMCA; T DCA | | ALT, AST,-GT, TG, TC,and | | TNF-o, IL-6,and IL-1§: TFXR, | Wang et o
1DLC TGRS, and FGFIS/19; | SREBP- | (20240)
1e, CYP7AL CYPSBI
. 1 Firmicutes/Bacteoidetes ratios T T Goblet el quantiy, P 1 Liver indes; | Serum ALT | | TNF-g,1L-6,and IL-1f:T1L-4 | W etal. (2024)
unclssfed_{_Lachnospiracee, Roseburia, mucosal thickness,and and AST and IL-10; | SCEAS, FEAR? and
Lactobaciles, and Lachnoclostrdium; | muscle thicknes; 1 Claudi FFARS; | TLRA, MyDSS and
norank  Lachnospiraccae, 1,201, and Occludin phosphorylated NFxB pes;
norank {_Oscilospiraceae, Allbaculum, Inbibition of TLRY/MyDSS/
NKaA214_group, NFAB signalng pathway.
norank {_Eryspeltrchaceae, etc.
B Ufirmicues/Bacterodete ratio | Micrococcaceae, | _ 1 Total BA; T Fecal norDCA | | Liver TG and serum ALT | Activation of colonic FXR- L et al. (20213)
Brevibaceriaceae, Dermabaceraceac, and norCA; | GHCA, @MCA, FGFIS pathway.
Clostridiaceae 1, Microbacteriaceae, TWMCA, GCA and GDCA
Corynebucieriaceae and Atopobiaceac; |
Peptostreptococcacea, Sphingomonadaceae,
Prevotellaceae, Lachnospiraceae and
Akkermansiacene
polyene phosphatidyicholine | Finmicutes/Baceroidecs ratos | Dubosill and | 1 20-1 and occludin s 1 Hepatic lipid deposiion | | TLR4 MyDS8,and IBand NF- | Ly et al. 2022)
(PPC): 88 myke, gavage 6 Blautia | Lachnospiraceae_NK1A136._group XBp65 phospharybtion leels; |

weeks.

“The mRNA lewl of L1 1L,
‘and TNE.; Inhibison of LRI/
NExB sigling pathay
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