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Dysregulated activation and polarization of macrophages drive the pathogenesis of diverse diseases, including inflammatory, autoimmune, ischemic, metabolic disorders, and cancers. Despite therapeutic advances, precise regulation of macrophage polarization remains challenging. Natural products have recently emerged as promising therapeutic regulators. Astragaloside IV (AS-IV) and its hydrolysate cycloastragenol (CAG), which are bioactive compounds derived from Astragalus membranaceus, have garnered significant interest due to their notable pharmacological properties encompassing anti-inflammatory, immunomodulatory, and antitumor effects. Nevertheless, the intricate multi-pathway mechanisms through which AS-IV and CAG regulate macrophage polarization are still not fully understood. A systematic review of literature from PubMed, Google Scholar, and SciFinder (2013–2025) shows that AS-IV and CAG modulate macrophage polarization. These compounds target critical signaling pathways, including TLR4/NF-κB, PI3K-AKT, AMPK, and PPARγ. These compounds exhibit therapeutic potential by suppressing pro-inflammatory M1 phenotypes and promoting anti-inflammatory/reparative M2 phenotypes. Their activities include anti-inflammatory, tissue-regenerative, and antitumor effects, with applications in inflammatory diseases, autoimmune disorders, ischemic vascular pathologies, metabolic syndromes, and cancer therapy. Furthermore, the integration of nanotechnology has emerged as a transformative approach to significantly enhance the bioavailability and targeted delivery of AS-IV and CAG, thereby expanding their clinical applicability. Despite the significant therapeutic potential of AS-IV and CAG in various disease models, their clinical translation remains constrained by low bioavailability. Future advancements that incorporate gene-editing technologies, computer-aided drug design, and nanotechnology are anticipated to optimize their pharmacokinetics and clinical efficacy. These innovations may position AS-IV and CAG as transformative agents in future therapies.
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1 INTRODUCTION
Astragaloside IV (AS-IV), a triterpenoid saponin derived from Astragalus membranaceus (Huangqi) (Wang S. et al., 2009). As the principal active components of Astragalus, AS-IV and its aglycone cycloastragenol (CAG) exhibit extensive biological activity and therapeutic potential, particularly in inflammatory and neoplastic disorders (Zhou et al., 2012). AS-IV and CAG also exert diverse pharmacological effects, including immune regulation, organ protection, hypoglycemic action, apoptosis modulation, and antiviral activity. Recent studies reveal that these compounds modulate key signaling pathways, including protein kinase B (Akt), mammalian target of rapamycin complex 1 (mTORC1), the Janus kinase-signal transducer and activator of transcription (JAK-STAT), NOD-like receptor family pyrin domain containing 3 (NLRP3) inflammasome, and peroxisome proliferator-activated receptor (PPAR)γ, thereby influencing macrophage polarization. For instance, AS-IV mitigates sepsis by inhibiting macrophage activation and polarization (Liu et al., 2016; Yang et al., 2024), while CAG alleviates neuroinflammation in Parkinson’s disease by promoting microglial autophagy and suppressing ROS-induced NLRP3 inflammasome activation (Feng et al., 2024). Additionally, both compounds show promise in addressing fibrosis-related diseases, highlighting their broad applicability and advancing our understanding of natural drug components (Wan et al., 2018).
Macrophages, as central players in inflammation, tissue repair, and tumor immunity, exhibit functional polarization states. The imbalance between pro-inflammatory (M1) and immunosuppressive (M2) macrophage polarization is mechanistically linked to tumor progression, chronic inflammation (such as rheumatoid arthritis) and metabolic diseases (such as atherosclerosis). M1 macrophages aggravate tissue damage by secreting TNF-α and IL-6, while M2 macrophages promote repair through IL-10 (Piccolo et al., 2017). Given the central role of macrophage polarization in disease progression, natural products like AS-IV and CAG have garnered attention for their multi-target regulation of macrophage polarization. For example, macrophages contribute to atherosclerosis by forming foam cells, while AS-IV mitigates this process by targeting the transforming growth factor β (TGF-β)-activated kinase (TAK) 1 signaling pathway, reducing macrophage adhesion and migration (Hua et al., 2025). In addition, CAG improves imiquimod-induced psoriasis-like inflammation in mice by selectively inhibiting NLRP3 inflammasome-mediated pyroptosis (Deng et al., 2019). These findings underscore the need to elucidate AS-IV and CAG mechanisms in macrophage polarization regulation, which could advance novel therapeutic strategies.
Despite their significant therapeutic potential, most studies on AS-IV and CAG focus on some of its mechanisms in specific diseases, lacking a comprehensive analysis of the regulatory mechanism on macrophage polarization, especially its potential role in a variety of diseases. There is also a lack of comprehensive analysis of the regulatory mechanism of macrophages in various diseases. In particular, research on their role in macrophage polarization remains limited. Recent studies on myocardial fibrosis have emphasized the ability of AS-IV to inhibit collagen deposition by regulating TGF-β/Smad signaling and oxidative stress pathways (Ren et al., 2023). It mainly focuses on the synergistic effect of compound preparations through the RAAS/NADPH oxidase axis synergistic anti-fibrosis-specific pathway. However, this study explores how AS-IV and CAG regulate macrophage polarization and their therapeutic applications in inflammatory, autoimmune, ischemic, metabolic diseases, and cancers. By dissecting their multi-pathway regulatory effects, this study not only highlights their therapeutic versatility but also provides a theoretical framework for developing macrophage-based treatment strategies. Furthermore, this study also summarizes the application of nanotechnology in the development of AS-IV and CAG drugs, which not only improves their bioavailability and addresses limitations related to low water solubility and bioavailability, but also offers innovative solutions for clinical applications. Finally, combined with gene-editing and computer-aided drug design (CADD), the prospect of its clinical transformation was discussed. Collectively, this review provides a fresh perspective on the modern medical applications of AS-IV and its hydrolysates, laying a robust foundation for future research and clinical practice.
2 BIOSYNTHESIS AND METABOLISM OF AS-IV AND CAG
2.1 Biosynthetic pathways of AS-IV
2.1.1 Enzymatic cascades in triterpenoid saponin synthesis
AS-IV is a triterpenoid saponin with a core structure composed of a tetracyclic triterpenoid skeleton and a glucose unit linked by a glycosidic bond. The unique balance of hydrophilicity, derived from multiple hydroxyls and glycosyl groups, and hydrophobicity, due to its tetracyclic structure, enables AS-IV to interact selectively with numerous biological targets, mediating its pharmacological properties (Magedans et al., 2021), such as antioxidant, anti-inflammatory, and immunomodulatory effects (Huang et al., 2014; Li L. et al., 2024; Zhong et al., 2022). AS-IV is predominantly sourced from the dry roots of Astragalus membranaceus or Astragalus membranaceus var. mongholicus, species found primarily in Northeast, North, and Northwest China, as well as Mongolia and South Korea (Fu et al., 2014). Initially isolated from methanol extracts of A. membranaceus roots using reverse column chromatography, early extraction methods were hindered by low yields and complex procedures (Kitagawa et al., 1983). Additionally, its intricate stereochemical rings and multiple chiral centers have posed significant challenges to its chemical synthesis.
In response to the challenges associated with chemical synthesis, the rapid advancements in biotechnology have led researchers to investigate biosynthetic pathways for the efficient production of AS-IV. The primary pathway underlying the biosynthesis of astragalosides during secondary metabolism is the mevalonate pathway (Augustin et al., 2011), comprising three major stages: the formation of intermediate mevalonate; the synthesis of isopentenyl pyrophosphate and dimethylallyl diphosphate (Ding et al., 2008); and the cyclization of 2,3-oxidized squalene (OS) to generate the triterpenoid saponin carbon ring skeleton (Huang et al., 2007). This biosynthetic process is further refined through chemical modifications, such as oxidation, reduction, and acetylation, catalyzed by enzymes including cytochrome P450s (CYP450s) and glycosyltransferases. Key rate-limiting enzymes—such as acetyl-CoA acetyltransferase, 3-hydroxy-3-methylglutaryl coenzyme A reductase, squalene synthase, squalene epoxidase, and cycloalkanol synthase—play essential roles in facilitating these reactions (He et al., 2008; Huang et al., 2007).
With the discovery of a triterpenoid biosynthetic gene cluster (BGC) has provided a comprehensive understanding of the AS-IV biosynthetic pathway (Xu et al., 2024). This pathway is characterized by sequential and selective chemical reactions, including hydroxylation, epoxidation, and glycosylation, mediated by three CYP450s, one 2-oxoglutarate-dependent dioxygenase (AmOGD1), and two glycosyltransferases. Specifically, oxidized squalene cyclase (AmOSC3) catalyzes the initial formation of cycloalkanols from OS. Subsequent oxidation reactions include C-16 hydroxylation catalyzed by AmCYP88D25 to generate 16-hydroxycycloalkanols, C-6 hydroxylation catalyzed by AmCYP88D7, and C-24,25 epoxidation catalyzed by AmCYP71D756 to form 24,25-epoxy-6,16-hydroxycycloalkanols (Chen et al., 2023b; Duan et al., 2023; Kim et al., 2014). AmOGD1 catalyzes the hydroxylation of the C-20 position to produce 3,20-dihydroxycycloalkanol, whose 20,24-tetrahydrofuran ring is formed by the spontaneous attack of the 20,24-dihydroxy group on the 24,25-epoxide (Xu et al., 2024). The final glycosylation reactions, catalyzed by UGTs, involve 3-O-xylosylation by AmGT11 and 6-O-glucosylation by AmGT36, culminating in the production of AS-IV (Zhang M. et al., 2022). The roles of these biosynthetic genes have been verified through gene silencing and heterologous expression experiments, enabling the successful heterologous production of AS-IV in Nicotiana benthamiana plants (Xu et al., 2024).
2.1.2 Biosynthesis pathway from CAG to AS-IV
In addition, the biosynthetic pathway of AS-IV also encompasses its production from CAG through four critical steps (Zhang et al., 2024): C-3 oxidation, 6-O-glucosylation, C-3 reduction, and 3-O-xylosylation. This process is mediated by three key enzymes: AmHSD1, AmGT8, and AmGT1. AmHSD1 performs dual catalytic functions, facilitating both the C-3 oxidation of CAG and the C-3 reduction of cycloastragenol-3-one-6-O-glucoside, thereby demonstrating remarkable catalytic flexibility across diverse substrates, including pentacyclic triterpenes, tetracyclic triterpenes, and steroids. Additionally, AmGT8 and AmGT1 catalyze the 6-O-glucosylation and 3-O-xylosylation steps, respectively, which are essential for the final synthesis of AS-IV (Zhang M. et al., 2022; Chen et al., 2023a). Using transient expression experiments in tobacco (Nicotiana tabacum), researchers successfully simulated this biosynthetic process and achieved the production of AS-IV (Zhang et al., 2024). This study not only provides valuable insights into the intricate biosynthetic mechanisms of AS-IV but also lays a foundation for the efficient production of AS-IV by biotechnology. Drawing upon the aforementioned description, the complete biosynthetic pathway of AS-IV has been elucidated (Figure 1).
[image: Figure 1]FIGURE 1 | Total biosynthesis of astragaloside IV.
2.2 Bioconversion and metabolic fate of CAG
2.2.1 Hydrolytic derivatization from AS-IV: microbial and enzymatic routes
CAG is primarily derived from the hydrolysis of AS-IV through various pathways, including Smith degradation, acid hydrolysis, microbial transformation, and enzymatic biotransformation (Wang and Chen, 2017; Li et al., 2019; Feng et al., 2014). While each method has its own advantages and limitations, with the development of biotechnology, enzymatic biotransformation has gained significant attention due to its high efficiency and environmental sustainability (Hegazy et al., 2015). Traditional methods, such as Smith degradation and acid hydrolysis, face several challenges. For instance, acid hydrolysis, which relies on the easy hydrolysis characteristics of the acetal or ketone structure of AS-IV under acidic conditions (e.g., HCl or H2SO4 hydrolysis), is hindered by harsh reaction conditions, high reagent costs, low yields, and the generation of numerous by-products (Feng et al., 2014). Similarly, Smith degradation, which involves selective oxidation of hydroxyl groups in AS-IV using periodate followed by borohydride reduction and specific hydrolysis under acidic conditions, is characterized by complex reaction protocols, expensive reagents, and low efficiency (Feng et al., 2014). In contrast, microbial transformation and enzymatic biotransformation offer higher selectivity and product purity. For example, Bacillus LG-502 can convert AS-IV to CAG with a conversion rate of up to 84% within 6 days (Wang and Chen, 2017). However, the practical application of microbial transformation is limited by the complexity of crude enzyme systems, which result in prolonged reaction times and relatively low selectivity for AS-IV conversion (Li et al., 2019).
To address these challenges, direct enzymatic biotransformation using purified enzymes has emerged as a more efficient and environmentally friendly approach. Recent studies have identified carbohydrate-induced β-glucosidase (Dth3) and β-xylosidase (Xln-DT) from Thermotoga maritima as highly selective enzymes capable of hydrolyzing the outer C-6 glucose and C-3 xylose of AS-IV, respectively (Li et al., 2019). Through a synergistic mechanism, Dth3 first hydrolyzes the C-6 glucose of AS-IV to produce the intermediate product Cyc B, which is subsequently hydrolyzed by Xln-DT at the C-3 xylose position to efficiently generate CAG. Under optimized reaction conditions (75°C, pH 5.5, 1 U of Dth3, and 0.2 U of Xln-DT), 1 g/L of AS-IV was converted to 0.63 g/L of CAG within 3 hours, achieving a molar conversion rate of 94.5%. Additionally, studies have also explored the role of intestinal bacteria in metabolizing AS-IV into CAG. For instance, lactic acid bacteria primarily produce CAG-2H by removing the C-6 glucose from AS-IV, whereas Bifidobacterium first removes the C-3 xylose to produce CAG (Takeuchi et al., 2022). These findings highlight the potential of gut microbiota in facilitating CAG synthesis. Future research leveraging metagenomics, culturomics, and other microbial omics techniques is expected to identify more efficient microorganisms and glycoside hydrolases, paving the way for the scalable and sustainable production of CAG.
2.2.2 In vivo absorption, distribution, and hepatic metabolism
CAG, a tetracyclic triterpene compound with significant pharmacological activity, primarily functions as the aglycone of AS-IV in vivo (Rios and Waterman, 1997). The formation of CAG occurs predominantly through AS-IV metabolism, a process significantly influenced by intestinal activity, particularly the role of intestinal microorganisms (Zhu et al., 2010). In the gut, AS-IV undergoes deglycosylation by intestinal microbiota, converting it into secondary glycosides (cycloastragenol-6-glucoside) and aglycones (CAG) (Song et al., 2023). This metabolic process mainly takes place in the intestine, especially in intestinal feces. Following its formation, CAG is absorbed into intestinal epithelial cells via passive diffusion and subsequently subjected to first-pass metabolism in the liver (Zhu et al., 2010). In the intestine and liver, CAG undergoes various metabolic reactions, including deglycosylation, demethylation, hydroxylation, glucuronidation, sulfation, and cysteine binding, yielding a diverse array of metabolites (Yu et al., 2018). These metabolites enter systemic circulation, where they are distributed throughout the body to exert pharmacological effects (Ma et al., 2017). Studies on rat and human liver microsomes demonstrate that CAG is rapidly metabolized, with its metabolites exhibiting enhanced anti-inflammatory, antioxidant, and immunomodulatory activities, as well as broader systemic distribution (Song et al., 2023).
AS-IV and CAG have distinct but interconnected chemical structures and biosynthetic pathways. While AS-IV biosynthesis involves a series of complex enzymatic reactions and metabolic pathways, CAG production results from multiple hydrolysis pathways of AS-IV. These intricate biosynthetic and metabolic processes provide a robust theoretical foundation for elucidating the mechanisms underlying AS-IV and CAG’s roles in macrophage regulation.
3 MOLECULAR MECHANISMS OF AS-IV AND CAG ON MACROPHAGE POLARIZATION
3.1 Regulation of signaling pathways involved in macrophage polarization
3.1.1 TLR4/NF-κB signaling pathway
Toll-like receptor 4 (TLR4) expressed on myeloid immune cells including macrophages, is a key pattern recognition receptor for pathogen-associated molecular patterns (Ciesielska et al., 2021). As the primary receptor for lipopolysaccharide (LPS), TLR4 mediates macrophage polarization through the TLR4/NF-κB signaling pathway. Upon LPS binding, TLR4 activates nuclear factor kappa B (NF-κB) through both MyD88-dependent and MyD88-independent pathways (Ciesielska et al., 2021; Rayees et al., 2020). Activated NF-κB translocates to the nucleus and binds promoter regions of pro-inflammatory genes, including tumor necrosis factor α (TNF-α), Interleukin (IL)-6, IL-1β, and inducible nitric oxide synthase (iNOS), thereby driving their expression (Shih et al., 2015). Elevated secretion of these pro-inflammatory cytokines is a hallmark of M1 macrophages, which exhibit strong inflammatory functions. In the MyD88-dependent pathway, TLR4 recognizes pathogen-associated molecular patterns like LPS, thereby activating its cytoplasmic TIR domain, which recruits the adaptor protein MyD88 (Deguine and Barton, 2014). MyD88 interacts with IL-1R-associated kinase (IRAK) 4 through its death domain, facilitating IRAK4-mediated phosphorylation and activation of IRAK 1 (Deguine and Barton, 2014). In turn, IRAK1 interacts with tumor necrosis factor receptor-associated factor (TRAF) 6 (Kollewe et al., 2004). TRAF6 engages ubiquitin-conjugating enzymes, such as UBC13 and UEV1A, catalyzing K63-linked polyubiquitination of key signaling proteins, including TRAF6, TAK1. This ubiquitination enables recruitment of TAK1-binding proteins 2 or TAK1-binding proteins 3, forming the TAK1 protein kinase complex (Walsh et al., 2015). Activation of this complex leads to phosphorylation of inhibitor of kappa B kinase α/β-NF-κB and mitogen-activated protein kinases, resulting in the nuclear translocation of NF-κB and upregulation of pro-inflammatory genes such as IL-1β and TNF-α (Walsh et al., 2015). This cascade shifts macrophage polarization toward the M1 phenotype, amplifying the pro-inflammatory functions. The MyD88-independent pathway, mediated by the TIR-domain-containing adaptor-inducing interferon-β, can also recruit TRAF6 or TRAF3. TRAF6 activation triggers TAK1 complex phosphorylation, converging on similar downstream mechanisms described in the MyD88-dependent pathway (Karnati et al., 2015).
While the TLR4/NF-κB pathway is essential for mounting effective immune responses, excessive or chronic activation can result in pathological outcomes (Sehnert et al., 2020). Overactivation of this signaling cascade drives hyperpolarization of macrophages to the M1 phenotype, leading to an overproduction of inflammatory factors that can cause tissue damage and contribute to the progression of numerous diseases. For example, in atherosclerosis, macrophages utilize TLR4 to recognize oxidized low-density lipoproteins, activating NF-κB and increasing inflammatory cytokine production. This exacerbates foam cell formation, plaque instability, and inflammatory responses, fueling disease progression (Huang et al., 2021). Moreover, NF-κB signaling extends beyond inflammation, as it regulates genes associated with cell cycle progression and apoptosis suppression, such as c-Myc, cyclin D1, Bcl-2, and Bcl-xL (Karin, 2006). Through these mechanisms, NF-κB also facilitates macrophage polarization to the M2 phenotype, effectively suppressing anti-tumor immune responses while promoting tumor growth and metastasis. These dual roles underscore the complexity of the TLR4/NF-κB signaling pathway in both immunity and disease pathogenesis.
3.1.2 JAK-STAT signaling pathway
JAK-STAT signaling pathway plays a pivotal role in regulating macrophage polarization and function. Members of the STAT family, including STAT1, STAT3, and STAT6, are central to this process. Upon binding to its receptor, interferon-γ (IFN-γ) activates receptor-associated tyrosine kinases JAK1 and JAK2, which subsequently phosphorylate tyrosine residues (Tyr701) on STAT1 (Ivashkiv, 2018). These phosphorylated residues serve as docking sites for STAT proteins or other proteins containing SH2 domains. Phosphorylated STAT proteins dissociate from the receptor, dimerize via their SH2 domains, and translocate into the nucleus. Once in the nucleus, these dimers bind to gamma-activated sequence (GAS) elements in DNA, directly initiating the transcription of interferon-stimulated genes (O'Shea et al., 2015; Durham et al., 2019). These interferon-stimulated genes encode a range of immunologically active molecules, including chemokines, antigen-presenting molecules, phagocytic receptors, and factors with antiviral or antibacterial properties (Raftery and Stevenson, 2017). In addition to this direct transcriptional regulation, IFN-γ remodels the macrophage gene expression landscape through STAT1-driven transcription factors, such as interferon regulatory factors, as well as epigenetic mechanisms involving chromatin remodeling, enhancer activation, and gene-specific inhibition (Ivashkiv, 2018). These mechanisms collectively drive macrophage polarization toward the M1 phenotype, characterized by a pro-inflammatory profile.
Conversely, IL-4 induces JAK activation upon receptor binding, promoting the phosphorylation of STAT3 and STAT6. Phosphorylated STAT6 translocates to the nucleus to regulate the expression of M2 macrophage-associated genes, including arginase-1, mannose receptor type C-1, found in inflammatory zone protein 1, and Ym-1 (Litterst and Pfitzner, 2001). Furthermore, STAT6 alters chromatin structure and enhances gene transcription by recruiting co-activators such as CBP/p300, Steroid receptor coactivator 1, and poly (ADP-ribose) polymerase family member 14 (Litterst and Pfitzner, 2001). Activated STAT6 can also interact with transcription factors krüppel-like factor 4 and PPARγ to further amplify M2 macrophage polarization (Song et al., 2021).
Recent studies have highlighted the therapeutic potential of targeting this pathway. For instance, in the treatment of insulitis, chitosan oligosaccharides activate STAT6 by forming hydrogen bonds and salt bridge interactions within its active pocket. This activation promotes macrophage polarization toward the anti-inflammatory M2 phenotype, mitigating inflammatory responses (Leslie et al., 2019). Additionally, suppressors of cytokine signaling regulate JAK-STAT signaling by inhibiting JAK activity directly or interfering with STAT phosphorylation and receptor docking sites. These regulatory mechanisms serve as critical checkpoints to prevent excessive or inappropriate macrophage polarization, underscoring the importance of balanced JAK-STAT signaling in immune homeostasis and disease treatment (Dai et al., 2022).
3.1.3 PI3K-Akt signaling pathway
The phosphatidylinositol 3-kinase (PI3K)-Akt signaling pathway plays a pivotal role in macrophage activation and polarization by modulating intracellular signaling cascades and metabolic processes. PI3K phosphorylates phosphatidylinositol 4,5-bisphosphate (PIP2) to generate phosphatidylinositol 3,4,5-trisphosphate (PIP3), which subsequently activates its primary downstream effector, Akt (Song et al., 2005). PI3K activation is triggered through receptor tyrosine kinases, growth factors, or cytokines such as IL-4 binding to their respective receptors (Luyendyk et al., 2008). This activation promotes the conversion of PIP2 into PIP3, which in turn facilitates phosphorylation of Akt at both Thr308 and Ser473 residues (Linton et al., 2019). Notably, phosphorylation at the Ser473 residue is essential for the maximal activation of Akt kinase. Experiment indicates that activation or overexpression of PI3K and Akt kinases suppresses LPS-induced macrophage activation. Conversely, non-specific chemical inhibition of PI3K signaling in TLR-activated cells enhances NF-κB activation and iNOS expression, thereby promoting M1 macrophage response (Covarrubias et al., 2015).
Beyond modulating M1 responses, activated Akt phosphorylates downstream targets, including the mechanistic target of rapamycin (mTOR). The mTOR pathway supports M2 macrophage polarization by enhancing protein synthesis, cell proliferation, intracellular nutrient sensing, and energy metabolism (Laplante and Sabatini, 2012). For instance, studies by Vergadi et al. demonstrate that Akt-driven activation of mTOR promotes M2 macrophage polarization, facilitating anti-inflammatory responses and tissue repair. In addition to its role in metabolism, Akt impacts transcription factor activity, such as that of STAT6 (Vergadi et al., 2017). Akt phosphorylates STAT6, enhancing its nuclear stability and transcriptional activity, thereby further promoting M2 macrophage polarization. Supporting this, research by Zhang et al. revealed that TGF-β drives M2-type polarization and upregulates IL-10 expression via the Akt/STAT6 signaling axis (Zhang et al., 2016). Furthermore, the PI3K/Akt1 pathway regulates macrophage polarization by inhibiting pro-inflammatory signals. Specifically, this pathway suppresses TRAF6 while regulating the TLR4 inhibitor IRAK-M. By inactivating the transcription factor forkhead box transcription factor O1(FoxO1), the PI3K/Akt1 pathway mitigates the expression of TLR4 target genes, thereby favoring the polarization of macrophages toward the anti-inflammatory M2 phenotype (Liu et al., 2019).
3.1.4 AMPK signaling pathway
Adenosine monophosphate-activated protein kinase (AMPK) serves as a critical upstream regulator of anti-inflammatory signaling pathways, activated via classical (AMP/ADP-dependent) and non-classical (AMP/ADP-independent) mechanisms (Steinberg and Hardie, 2023; Russell and Hardie, 2020). AMPK activation mitigates inflammatory responses by inhibiting glycolysis, promoting oxidative phosphorylation, and shifting macrophages toward an anti-inflammatory phenotype. In terms of glucose metabolism, macrophage subsets exhibit distinct metabolic profiles: M1 macrophages rely heavily on glycolysis, whereas M2 macrophages predominantly depend on oxidative phosphorylation (Dzik, 2021). Upon activation, AMPK exerts dual regulatory effects on cellular metabolism. It enhances glycolytic activity by phosphorylating phosphofructokinase 2, facilitating the conversion of fructose-6-phosphate to fructose-1,6-bisphosphate, thus augmenting glycolysis in M1 macrophages. Concurrently, AMPK inhibits cholesterol biosynthesis and indirectly regulates fatty acid synthase activity, modulating lipid metabolism, and contributing to macrophage polarization (Szewczuk et al., 2020). Beyond its metabolic functions, AMPK intersects with the mTOR signaling pathway, indirectly influencing amino acid metabolism to maintain macrophage immune activity. As a pivotal upstream signal, AMPK initiates anti-inflammatory pathways by promoting IL-10 production and suppressing pro-inflammatory cytokine expression during macrophage polarization mediated by the PI3K/Akt/mTORC1 and STAT3 axes (Zhu et al., 2015). Notably, when macrophages are activated by IL-4 and IL-13, the phosphorylation of AMPK can enhance PPARδ and angiotensin-converting enzyme expression, driving M2 macrophage polarization (Zhou et al., 2014).
AMPK activation further dampens inflammation by reducing inhibitor of NF-κB degradation, thereby restricting NF-κB activation, while simultaneously enhancing Akt activity (Sag et al., 2008). This dual mechanism decreases M1 polarization while promoting the anti-inflammatory M2 phenotype. A notable example is the drug metformin, which inhibits cancer cell polarization to the M2 macrophage via the AMPK-NF-κB signaling pathway by downregulating M1-related cytokines and upregulating M2-related cytokines (Chiang et al., 2017). Metformin’s regulatory role highlights the broader significance of AMPK activation in inflammatory contexts. Moreover, AMPK restores cholesterol homeostasis in macrophages, inhibits foam cell formation, and reduces the accumulation of pro-inflammatory lipid intermediates, ultimately mitigating the progression of atherosclerosis (Wang et al., 2017).
3.1.5 Other signaling pathways
In addition to the well-characterized pathways, macrophage polarization is influenced by several other signaling mechanisms that collectively determine their functional states. The PPARγ plays a crucial role in modulating macrophage polarization by integrating signals from diverse pathways. Upon activation, PPARγ can directly bind to the promoter regions of inflammation-associated genes, suppressing the release of pro-inflammatory mediators. This suppression occurs via the competitive inhibition of key transcription factors, such as NF-κB, activator protein-1, and STAT (Kundu et al., 2014). Notably, the interplay between PPARγ and NF-κB is critical for maintaining the balance between M1 and M2 macrophages. By inhibiting the JAK2/STAT1 pathway, PPARγ promotes M2 macrophage polarization (Luo et al., 2017). Conversely, TGF-β can facilitate M1 macrophage polarization through ubiquitination and degradation of PPARγ (Li X. et al., 2023). For instance, schisandrin B has been shown to bind PPARγ, activate it signaling pathway, attenuate NF-κB activation, reduce inflammation, and exert protective effects against liver fibrosis (Chen Q. S. et al., 2021).
FoxO1 acts as a downstream effector of the Akt signaling pathway and is intricately linked to macrophage polarization. TGF-β inhibits Akt signaling, thereby enhancing the nuclear translocation of FoxO1, which promotes M2 polarization while suppressing M1 polarization. Evidence suggests that TGF-β secreted by mesenchymal stem cells modulates macrophage polarization via the Akt/FoxO1 signaling pathway, downregulating M1-associated genes and upregulating M2 markers such as IL-10. This axis also increases macrophage phagocytic capacity, enhances pathogen clearance, and alleviates sepsis-related symptoms (Liu et al., 2019). Additionally, high mobility group protein B1 inhibits NF-κB p50 transcriptional activity, thereby deactivating the NF-κB signaling pathway and steering macrophage polarization toward the M2 phenotype (Liu et al., 2024).
Overall, there are various gene pathways induction of M2 macrophage polarization (Figure 2) and/or inhibition of M1 macrophage polarization (Figure 3) and drug targets. The TLR4/NF-κB axis plays a central role in recognizing pathogens and inducing the expression of pro-inflammatory genes to drive M1 polarization, though excessive activation can cause inflammatory damage. PPARγ and FoxO1 regulate the M1/M2 balance by curbing NF-κB activity and other pro-inflammatory pathways. Similarly, the JAK-STAT pathway modulates polarization, with IFN-γ driving M1 differentiation through STAT1 activation, and IL-4 promoting M2 polarization via STAT3 and STAT6. The PI3K-Akt signaling pathway supports M2 metabolism and function by activating mTOR while simultaneously suppressing TLR4 signaling to favor M2 polarization. The AMPK pathway facilitates M2 polarization by modulating metabolic pathways and suppressing inflammatory signals. These interconnected pathways collectively dictate macrophage polarization, shaping immune responses, tissue repair, and disease progression.
[image: Figure 2]FIGURE 2 | M2 polarization-regulating signaling pathways macrophage.
[image: Figure 3]FIGURE 3 | M1 polarization-regulating signaling pathways in macrophage.
3.2 Types and functions of macrophage polarization
Macrophages, as highly plastic immune cells, play multifaceted roles in the onset and progression of various diseases. Their polarization states not only regulate inflammatory responses and facilitate tissue repair and regeneration but can also exacerbate tissue damage, drive pathological processes during infections and inflammatory diseases, and influence tumor growth, invasion, and metastasis. Upon tissue damage or infection, macrophages migrate from the bloodstream to affected tissues, where they are influenced by local growth factors, pro-inflammatory cytokines, and microbial products, leading to increased infiltration into inflammatory sites (Ingersoll et al., 2011; Nourshargh and Alon, 2014). Macrophage infiltration is a hallmark of chronic inflammation and cancer. Once recruited to the lesion, macrophages polarize into two primary subtypes in response to specific stimuli: classically activated M1 macrophages and alternatively activated M2 macrophages (Austermann et al., 2022). M1 macrophages, activated by LPS or T helper cell (Th) 1 cytokines, such as IFN-γ, produce pro-inflammatory cytokines, including TNF-α and IL-1β. These cytokines amplify inflammation, recruit additional immune cells to sites of infection or injury, and promote pathogen clearance. In contrast, M2 macrophages, activated by Th2 cytokines such as IL-4 and IL-13, secrete anti-inflammatory cytokines, including IL-10 and TGF-β, which promote wound healing, tissue reconstruction, and the resolution of inflammation (Martinez et al., 2008; Sica and Mantovani, 2012). For example, in rheumatoid arthritis, TNF-α produced by M1 macrophages stimulates synovial cells to release additional cytokines, perpetuating chronic polyarthritis (Xu et al., 2025). Similarly, macrophage polarization is implicated in the pathogenesis of chronic demyelinating diseases of the central nervous system (CNS) (Du et al., 2017). In the experimental autoimmune encephalomyelitis model, M1 macrophages recruited to the CNS promote Th1 effector responses, while myeloid cells producing IL-23 stimulate Th cells to secrete granulocyte-macrophage colony-stimulating factor, exacerbating disease severity. Conversely, M2 macrophages mitigate multiple sclerosis by inducing T cell apoptosis and secreting anti-inflammatory cytokines, such as TGF-β and IL-10, which terminate the inflammatory response. Recent studies have shown that blocking the C-C motif chemokine ligand (CCL) 5/CCL7-CCR1 axis reduces NF-κB pathway activation, limits M1 macrophage polarization, alleviates articular cartilage damage, and slows the progression of osteoarthritis (Jiang et al., 2014; Nakagawa and Chiba, 2015).
Macrophages also exhibit dual roles in cancer. M1 macrophages possess anti-tumor properties, effectively identifying and destroying cancer cells through phagocytosis and cytotoxicity (Bernsmeier et al., 2020). They also enhance cytotoxic T cell activity and antibody-dependent cell-mediated cytotoxicity, thereby inhibiting tumor growth (Sica and Bronte, 2007). However, M2 macrophages often promote tumor progression. Within the tumor microenvironment (TME), tumor-associated macrophages predominantly adopt an M2-like phenotype, secreting cytokines such as IL-10 and TGF-β, chemokines like CCL2 and CCL5, and proteases such as matrix metalloproteinases (MMPs) (Hao et al., 2017; Annamalai et al., 2018). These factors collectively enhance tumor angiogenesis, growth, metastasis, and immunosuppression. Chemokines, including CCL2, CCL5, and platelet-derived growth factor, facilitate the recruitment of M2 macrophages into the TME (Murdoch et al., 2004; Allavena et al., 2008). Clinically, increased M1 macrophage infiltration correlates with improved survival outcomes in patients with lung cancer (Sedighzadeh et al., 2021), colon cancer (Wang H. et al., 2021), ovarian cancer (Zhang et al., 2014), and breast cancer (Cao et al., 2021). Conversely, a higher density of M2 macrophages is associated with poor prognosis in cancers such as colon cancer (Guo et al., 2022), non-small cell lung cancer (Zheng et al., 2020), and hepatocellular carcinoma (HCC) (Wang J. et al., 2021). Recent research has revealed that exosomes derived from head and neck squamous cell carcinoma promote M1 macrophage polarization by modulating STAT1, NF-κB, and activator protein-1 signaling pathways, providing novel insights into the role of tumor-derived exosomes in shaping macrophage-mediated TME dynamics (Yadav et al., 2025). Additionally, studies on ginseng-derived compounds have shown that they can modulate the tumor microenvironment by regulating macrophage polarization and enhancing anti-tumor immunity (Li M. et al., 2021).
Macrophage autophagy also plays a critical role in regulating polarization and influencing their function in inflammation and fibrosis. As an intracellular degradation system, autophagy maintains cellular homeostasis by removing damaged organelles and protein aggregates (Sun et al., 2021). Impaired autophagy in macrophages skews polarization toward the pro-inflammatory M1 phenotype, exacerbating immune responses and contributing to chronic inflammation and tissue damage, as observed in the livers of obese mice (Liu et al., 2015). Conversely, the regulation of autophagy flux by ubiquitin-specific protease 19 promotes anti-inflammatory M2 polarization (Liu T. et al., 2021). Several small-molecule drugs have also been shown to induce M2 polarization by activating autophagy. For example, spermine, an autophagy inducer, inhibits M1 polarization of liver-resident macrophages (Kupffer cells) while promoting M2 polarization in livers treated with thioacetamide (Zhou et al., 2018). Similarly, macrophage autophagy plays a protective role in fibrotic diseases. Dioscin, for instance, reduces silica-induced mitochondrial reactive oxygen species accumulation by activating alveolar macrophage autophagy, downregulating mitochondrial-dependent apoptosis, and decreasing the secretion of inflammatory factors and chemokines, ultimately attenuating pulmonary fibrosis (Du et al., 2019).
In short, macrophages play a pivotal role in the pathogenesis of numerous diseases, with their polarization states (M1 pro-inflammatory and M2 anti-inflammatory) exerting profound effects on disease progression. Regulating macrophage polarization offers a promising strategy to modulate inflammatory responses, facilitate tissue repair, and reshape the TME. These findings provide a strong theoretical foundation for further investigations into the mechanisms underlying the effects of AS-IV and CAG in diverse disease models and lay the groundwork for future clinical applications.
4 APPLICATION OF AS-IV AND CAG IN REGULATING MACROPHAGE POLARIZATION FOR DISEASE TREATMENT
4.1 AS-IV: mediating macrophage phenotype switching
AS-IV, a natural plant-derived compound, has demonstrated significant therapeutic potential in recent years, particularly in the treatment of inflammatory, autoimmune, ischemic, and vascular diseases. Its primary mechanism of action involves modulating macrophage polarization and suppressing pro-inflammatory signaling pathways, thereby exerting anti-inflammatory, immunomodulatory, and tissue-protective effects.
4.1.1 Inflammatory diseases
Inflammatory diseases, characterized by local or systemic inflammatory responses, often arise from abnormal macrophage activation and polarization. AS-IV has shown remarkable efficacy in various inflammatory disease models, particularly in regulating macrophage phenotypic transformation. Sepsis, a heterogeneous and life-threatening condition, remains one of the leading causes of mortality worldwide (Levy et al., 2003). The intestine is considered a critical “trigger” for sepsis, as sepsis-induced intestinal inflammation compromises the epithelial barrier, allowing harmful substances to infiltrate (Haussner et al., 2019). In a cecal ligation/puncture-induced sepsis model (n = 8), AS-IV (3 mg/kg) reversed M1 macrophage polarization and promoted M2 phenotypes, as shown by Western blot and quantitative real-time polymerase chain reaction (qRT-PCR) analyses. As summarized in Table 1, AS-IV suppresses M1 polarization in sepsis models via the NF-κB pathway. This was achieved by restoring intestinal microbiota balance, increasing short-chain fatty acid production (e.g., butyric acid), and inhibiting NLRP3 inflammasome activation, thereby reducing intestinal inflammation and epithelial barrier damage (Yang et al., 2024). Further studies by Liu et al. using a cecal ligation and puncture mouse model (n = 4) to determine Western blots and cytokines and chemokines and demonstrated that AS-IV inhibited LPS-induced macrophage overactivation by suppressing the NF-κB and extracellular signal-regulated kinase 1/2 signaling pathways, highlighting its potential for sepsis treatment (Liu et al., 2016). In a sepsis-associated acute liver injury model (n = 3), Western blot and RT-qPCR analyses showed that AS-IV (50 μg/g) modulated macrophage polarization and pyroptosis through activation of the AMPK/SIRT1 signaling pathway. This regulation reduced pro-inflammatory cytokines such as IL-6 and TNF-α, increased anti-inflammatory cytokines such as IL-10, and decreased pyroptosis-associated inflammatory factors, including IL-1β and gasdermin D, effectively mitigating liver inflammation and tissue damage (Kuang et al., 2024).
TABLE 1 | The pharmacological effects of AS-IV and CAG on regulating macrophages.
[image: Table 1]Beyond sepsis, AS-IV has shown efficacy in treating cytarabine-induced intestinal mucositis (Li J. J. et al., 2023). Western blot and immunoblotting analyses (n = 3) revealed that AS-IV suppressed excessive M1 macrophage activation by inhibiting the Akt signaling pathway, thereby reducing pro-inflammatory cytokines such as TNF-α and IL-6 and alleviating intestinal inflammation and tissue damage. In a mouse model, treatment with 40 mg/kg AS-IV over 10 days significantly reduced the number of CD86+ M1 macrophages in the intestine and minimized inflammatory infiltration. Similarly, in a dextran sulfate sodium-induced colitis model (n = 8), Tian et al. demonstrated that AS-IV at a dose of 100 mg/kg alleviated colon inflammation and tissue damage after 10 days of treatment. Molecular docking simulations and fluorescence analyses revealed that AS-IV promoted M1-to-M2 macrophage polarization by inhibiting the STAT1 signaling pathway and activating STAT3. This shift increased anti-inflammatory cytokine production and scavenger receptor expression while reducing pro-inflammatory cytokine secretion and enhancing macrophage phagocytosis, thereby facilitating tissue repair (Tian et al., 2021). Additionally, Jiang et al. reported that in an osteonecrosis of the femoral head mouse model, flow cytometry analysis showed that AS-IV (15 mg/kg) reduced the CD11b+F4/80+MHCII+ M1 macrophage phenotype and enhanced the CD11b+F4/80+CD206+ M2 macrophage phenotype. Enzyme-linked immunosorbent assay and Western blot analyses further indicated decreased TNF-α and IL-1β levels in the femoral head following AS-IV treatment. By attenuating the inflammatory response, AS-IV promoted osteocyte survival, facilitated tissue repair, and significantly improved arthritis symptoms (Jiang et al., 2021).
4.1.2 Autoimmune diseases
AS-IV has shown considerable therapeutic potential in addressing autoimmune diseases such as rheumatoid arthritis and multiple sclerosis by modulating macrophage activation and polarization. In rheumatoid arthritis models, AS-IV exerts multidimensional anti-inflammatory effects. In a rat model of adjuvant-induced arthritis, Wang et al. demonstrated that administration of 100 mg/kg AS-IV over 27 days significantly suppressed the production of key inflammatory mediators, including IL-1β, TNF-α, and nitric oxide, which returned near baseline levels. This intervention alleviated adjuvant-induced arthritis-induced knee swelling and protected cartilage structure, effectively inhibiting arthritis progression while promoting tissue repair. Notably, colorimetric MTT assays confirmed that AS-IV was non-toxic to macrophages, further underscoring its safety profile (Wang and Chen, 2014).
In addition to its anti-inflammatory capabilities, AS-IV exhibits neuroprotective and immunoregulatory effects in multiple sclerosis, a progressive autoimmune disease marked by inflammatory demyelination in the CNS (GBD 2016 Neurology Collaborators, 2019). Using an experimental autoimmune encephalomyelitis mouse model, treatment with AS-IV (200 mg/mL·kg) delayed the onset of experimental autoimmune encephalomyelitis symptoms by approximately 2 days and resulted in a weight gain of 1.3 ± 0.27 g. Western blot analysis revealed significant suppression of pro-inflammatory cytokines IL-1β and TNF-α, coupled with elevated levels of the anti-inflammatory cytokine IL-10. Mechanistically, AS-IV inhibits the activation of M1 macrophages and microglia in the CNS by downregulating the TLR4/MyD88/NF-κB signaling pathway, facilitating their transition to the M2 anti-inflammatory phenotype. This shift enhances the release of neurotrophic factors and anti-inflammatory cytokines, which, in turn, promote oligodendrocyte progenitor cell differentiation and accelerate myelin repair. Through these mechanisms, AS-IV effectively mitigates disease progression, enhances neural repair, and improves overall neurological function (Yu J. et al., 2023).
4.1.3 Ischemia and vascular diseases
AS-IV has demonstrated significant therapeutic potential in ischemic and vascular diseases, including abdominal aortic aneurysm (AAA), ischemia-reperfusion injury, and ischemic stroke. By modulating macrophage activation and polarization, AS-IV exerts anti-inflammatory, antioxidant, and tissue-protective effects. In the context of smoking-related AAA, AS-IV regulates macrophage activation by inhibiting the NF-κB signaling pathway. In a mouse model of AAA induced by 3,4-benzopyrene and angiotensin II, Wang et al. showed that treatment with 80 mg/kg AS-IV significantly reduced macrophage infiltration in the lesion area. This reduction was accompanied by decreased expression of pro-inflammatory cytokines, including CCL-1, IL-8, and TNF-α, suppression of NF-κB activity, and attenuation of oxidative stress and inflammatory responses, ultimately lowering the incidence of AAA to 33.3%. These effects are likely mediated through AS-IV’s regulation of Akt phosphorylation (Wang J. et al., 2018). Li et al. further explored the efficacy of AS-IV in cerebral ischemia and ischemic stroke. In a transient middle cerebral artery occlusion model (n = 4), 14 days of treatment with AS-IV at 40 mg/kg significantly improved neurological function, promoted brain tissue repair, and enhanced neurogenesis and angiogenesis. Western blot and qRT-PCR analyses revealed that AS-IV activated the PPARγ signaling pathway, which inhibited the expression of M1 macrophage and microglia markers (e.g., CD86, iNOS) and pro-inflammatory cytokines (TNF-α, IL-1β, IL-6). Concurrently, AS-IV increased the expression of M2 markers (e.g., CD206, arginase-1, YM1/2) and anti-inflammatory cytokines (IL-10, TGF-β), facilitating the transition of macrophages and microglia from an M1 pro-inflammatory phenotype to an M2 anti-inflammatory phenotype (Li L. et al., 2021).
Ischemia-reperfusion injury, a major cause of acute kidney injury, leads to early tissue damage and can progress to fibrosis, culminating in chronic kidney disease (Basile et al., 2016). Tang et al. demonstrated that AS-IV promoted the polarization of macrophages toward the M2 anti-inflammatory phenotype by modulating hypoxia-inducible factor-1α (Hif-1α), NF-κB (p65), and Smad7 signaling pathways, which are implicated in inflammation and fibrosis. In an ischemia-reperfusion-induced acute kidney injury model (n = 6), daily treatment with 20 mg/kg AS-IV for 7 days significantly reduced early pro-inflammatory cytokine release (I/R 24 h) and protected the kidney from acute injury. Additionally, Masson staining and immunohistochemical analysis of α-SMA revealed that AS-IV inhibited fibrosis-related signaling pathways, leading to reduced late-stage renal fibrosis (I/R 28 days) and limiting M2 macrophage infiltration (Tang L. et al., 2022). Collectively, these studies highlight AS-IV’s ability to comprehensively regulate macrophage phenotype transformation, cytokine secretion, and fibrosis-related signaling pathways, offering a promising therapeutic approach for ischemic and vascular diseases.
4.1.4 Metabolic diseases
AS-IV has exhibited significant therapeutic potential in the management of metabolic diseases, including senile osteoporosis, diabetes, and atherosclerosis. Its primary mechanism of action involves modulating macrophage polarization to mitigate disease progression. The role of M2 macrophages is particularly critical in diabetic wound healing, where their anti-inflammatory properties facilitate tissue repair and regeneration (Goren et al., 2014). Luo et al. demonstrated that AS-IV enhanced neovascularization and accelerated wound healing in streptozotocin-induced diabetic mice. Treatment with 1 μM AS-IV for five consecutive days increased wound closure rates by 23.8% ± 1% after 10 days, as determined via two-color immunofluorescence analysis (n = 6). Additionally, the population of F4/80+CD206+ macrophages, indicative of M2 polarization, significantly increased, along with elevated levels of M2 macrophage activators such as IL-13 (Luo et al., 2016).
In senile osteoporosis, macrophage senescence and the aberrant secretion of inflammatory mediators such as calmodulin hinder the osteogenic differentiation of bone marrow mesenchymal stem cells while promoting adipogenic differentiation, thereby exacerbating bone loss (Li et al., 2022). Western blot analysis (n = 3) revealed that AS-IV suppressed the overactivation of the cyclic GMP-AMP synthase and stimulator of interferon genes signaling pathway in senescent macrophages, reducing the expression of inflammatory molecules, including TNF-α and iNOS. Concurrently, AS-IV upregulated M2 macrophage markers such as CD163 and CD206, restoring bone metabolism balance. Notably, 10 mg/kg AS-IV treatment for 12 h significantly downregulated genes associated with M1 macrophages in RAW264.7 cells and upregulated M2-associated genes. This transition inhibited macrophage senescence and enhanced the osteogenic differentiation capacity of bone marrow mesenchymal stem cells (Li M. et al., 2024).
Atherosclerosis, a prevalent metabolic disorder, is closely associated with abnormal macrophage activation. AS-IV mitigates this process by inhibiting the pro-inflammatory activation of endothelial cells via the TAK1 signaling pathway, thereby reducing macrophage adhesion and migration. Hua et al. investigated the effects of AS-IV in a mouse model of atherosclerosis (n = 6). Immunohistochemistry and immunofluorescence analyses demonstrated that 50 mg/kg AS-IV treatment for 56 days significantly reduced the size of atherosclerotic plaques. Furthermore, AS-IV suppressed the expression of pro-inflammatory factors such as intercellular cell adhesion molecule-1, vascular cell adhesion molecule 1, chemokine C-X-C ligand 1, and CCL5, while inhibiting macrophage-driven inflammatory activation and migration. This multifaceted regulation effectively curtailed the progression of atherosclerosis (Hua et al., 2025).
4.1.5 Cancer
The potential of traditional Chinese medicine in targeting tumor angiogenesis and immunosuppressive tumor microenvironment has been highlighted in recent studies. For instance, Zhou et al. discussed the synergistic effects of co-targeting tumor angiogenesis and immunosuppressive tumor microenvironment using traditional Chinese medicine compounds, providing insights into the molecular mechanisms and therapeutic strategies for cancer treatment (Zhou et al., 2022). AS-IV has demonstrated potent anti-tumor effects by targeting the polarization of tumor-associated macrophages, a crucial component of the TME. Tumor-associated macrophages predominantly adopt an M2 phenotype that fosters angiogenesis, facilitates tumor cell invasion, and suppresses immune responses, thereby accelerating tumor progression (DeNardo and Ruffell, 2019). In lung cancer cell lines (A549 and H1299), Xu et al. showed through flow cytometry and quantitative PCR analyses that treatment with 40 mg/kg AS-IV significantly inhibited IL-13 and IL-4-induced M2 polarization. This was evidenced by reduced expression of CD206 and other M2-associated genes, as well as impaired invasion, migration, and angiogenesis mediated by M2 macrophages. Consistent with these findings, a lung cancer mouse model revealed that AS-IV inhibited tumor growth and metastasis. Western blot analyses indicated that AS-IV achieved these effects by modulating the AMPK signaling pathway, thereby reducing tumor-associated angiogenesis and invasion (Xu et al., 2018). In colorectal cancer models, AS-IV further demonstrated its anti-tumor efficacy by influencing TAM polarization. In the CT26 colon cancer cell model, AS-IV induced M2-to-M1 polarization, thereby suppressing tumor cell proliferation. Similarly, in the MC38 colorectal cancer model, AS-IV downregulated tumor-derived extracellular vesicles-mediated activation of M2 macrophages, leading to an increase in M1 macrophages and a reduction in colorectal cancer metastasis. After 98 h of treatment with 200 μM AS-IV, the TEV inhibition rate reached 76.46%, highlighting its potential to disrupt tumor-promoting macrophage functions (Liu et al., 2020; Zhou et al., 2024).
The anti-cancer effects of AS-IV have also been observed in HCC. In an HCC model, 100 mg/kg AS-IV significantly suppressed tumor cell migration, invasion, and proliferation by modulating the TLR4/NF-κB/STAT3 signaling pathway to inhibit M2 polarization (Min et al., 2022). Additionally, AS-IV has shown promise in female-specific cancers, including ovarian, breast, and cervical cancer. For ovarian cancer, AS-IV inhibited M2 polarization by inhibiting high mobility group protein B1 and TLR4 signaling, reduced migration and invasion of tumor cells (Wang X. et al., 2021). In breast cancer models, 40 mg/kg AS-IV attenuated M2 polarization by regulating the TGF-β/Akt-Foxo1 signaling pathway, effectively suppressing tumor growth (Yu Y. et al., 2023). For cervical cancer, AS-IV inhibited angiogenesis and epithelial-mesenchymal transition by inactivating the TGF-β/Smad2/3 signaling pathway, thereby preventing cancer cell proliferation and metastasis (Shen et al., 2023).
In summary, AS-IV can achieve anti-tumor effects at low doses. Across diverse cancer models, including lung cancer, colorectal cancer, and HCC, AS-IV effectively inhibits M2 macrophage polarization, downregulates M2-associated gene expression, and reduces tumor cell invasiveness, migration, and angiogenesis, thereby ameliorating pathological conditions. However, despite its promising therapeutic benefits, the mechanisms underlying AS-IV’s anti-cancer activity involve complex crosstalk among multiple signaling pathways and cytokines. Furthermore, in vitro experiments showed that AS-IV could reverse the M2 phenotype within 48 h, but in vivo continuous administration of AS-IV for 21 days was required to significantly inhibit tumor growth, suggesting that future dosage regimens need to be optimized. The precise molecular mechanisms governing its effects in different types warrant further elucidation.
4.1.6 Other diseases
AS-IV has also demonstrated significant therapeutic potential across a diverse range of diseases. In a spinal cord injury model, treatment with 10 mg/kg AS-IV markedly attenuated inflammatory responses and reduced tissue damage. These effects were attributed to the inhibition of the mTORC1 signaling pathway, which promoted the polarization of microglia toward the M2 anti-inflammatory phenotype (Lin et al., 2020). Additionally, AS-IV has shown protective effects against smoking-induced lung injury. In RAW264.7 macrophages exposed to cigarette smoke extract, AS-IV modulated autophagy via the TLR4/NF-κB signaling pathway, resulting in diminished pro-inflammatory factor expression and enhanced autophagosome formation, effectively mitigating lung tissue damage (Ying et al., 2021). In a bone marrow suppression model, AS-IV improved hematopoietic function and enhanced macrophage immune activity by activating the HIF-1α/NF-κB signaling pathway. Enzyme-linked immunosorbent assay data revealed that administration of 100 mg/kg AS-IV over 9 days significantly enhanced the release of inflammatory mediators, such as nitric oxide, TNF-α, IL-6, and IL-1β, while simultaneously suppressing anti-inflammatory cytokines IL-10 and TGF-β1. This action facilitated the restoration of bone marrow immune function (Yao et al., 2023). Furthermore, AS-IV exhibited cardioprotective effects by reducing macrophage pyroptosis and minimizing myocardial cell damage (Zhang X. et al., 2022). Recent studies have also highlighted AS-IV’s role in mitigating peritoneal fibrosis induced by long-term peritoneal dialysis. AS-IV regulates miR-204-5p in macrophage-derived exosomes, targeting the Foxc1/β-catenin signaling pathway, thereby alleviating peritoneal fibrosis (Shan et al., 2024). Similarly, AS-IV has demonstrated efficacy in kidney diseases by reducing renal tubulointerstitial fibrosis (TIF) and mitigating kidney damage (Wang et al., 2024). In addition, AS-IV alleviates hepatic fibrosis by epigenetically regulating FoxO1 to inhibit macrophage glycolytic metabolism, thereby reducing M1 polarization and inflammatory responses (Hu et al., 2025). These effects were achieved by promoting the polarization of M1 macrophages toward the M2 phenotype and suppressing the production of pro-inflammatory factors.
Collectively, these findings underscore the multifaceted role of AS-IV in modulating M1 (Figure 4) and M2 phenotypic transitions, as well as the functional regulation of macrophages (Figure 5) through intricate multi-pathway and multi-target mechanisms. These discoveries not only enrich our molecular understanding of AS-IV’s mechanisms of action but also pave the way for innovative macrophage-targeted therapeutic strategies.
[image: Figure 4]FIGURE 4 | Overview of mechanisms and signaling pathways of astragaloside IV and cycloastragenol in alleviating diseases via regulation of M1 macrophage polarization.
[image: Figure 5]FIGURE 5 | Overview of mechanisms and signaling pathways of astragaloside IV in alleviating diseases via regulation of M2 polarization and other macrophage function.
4.2 CAG: regulating macrophage plasticity in inflammation and tissue
CAG, an important hydrolysate of AS-IV, has demonstrated significant therapeutic potential in various inflammation-related diseases. Its ability to modulate macrophage activation and polarization, attenuate inflammatory responses, and promote tissue repair underscores its pharmacological utility. These properties provide critical support for the clinical application of AS-IV and expand its therapeutic framework.
Psoriasis, a chronic inflammatory skin disorder with multifactorial genetic underpinnings, involves the dysregulation of both innate and adaptive immune pathways (Lowes et al., 2014). The recruitment and activation of macrophages within psoriatic lesions are pivotal in driving disease development and persistence. Notably, the infiltration of M1 macrophages exacerbates inflammation and tissue damage in affected skin (Clark and Kupper, 2006; Wang H. et al., 2009; Fuentes-Duculan et al., 2010). Western blot analyses revealed that CAG ameliorated imiquimod-induced psoriasis-like skin inflammation in mice by suppressing activation and pyroptosis of the NLRP3 inflammasome. At a dose of 50 mg/kg, CAG significantly improved the clinical score, reduced epidermal thickness, and mitigated histopathological changes in skin tissues. Additionally, it curtailed the production of pro-inflammatory cytokines, including IL-1β, TNF-α, and IL-6. CAG also decreased cortical thickening and inflammatory cell infiltration in psoriatic lesions. Further mechanistic studies indicated that CAG specifically reduced the infiltration of CD11b+ macrophages in the skin, while exerting minimal effects on dendritic cells, neutrophils, and T lymphocytes. By inhibiting the assembly of the NLRP3 inflammasome complex, CAG suppressed caspase-1 activation and gasdermin D-mediated pyroptosis, thereby mitigating the inflammatory cascade associated with psoriasis (Deng et al., 2019).
Beyond cutaneous inflammation, CAG has exhibited promise in treating neuroinflammation-related diseases by modulating macrophage polarization. It promotes the M2 anti-inflammatory phenotype in microglia and macrophages while inhibiting the pro-inflammatory M1 phenotype via activation of the nuclear factor erythroid 2-related factor 2 (Nrf2) signaling pathway and inhibition of NF-κB signaling. In LPS-treated BV-2 cells, Western blot analyses demonstrated that CAG significantly downregulated M1 macrophage markers while upregulating M2 markers. Immunofluorescence staining further revealed that CAG exerted these anti-inflammatory effects by suppressing NF-κB activation and enhancing Nrf2 expression alongside its downstream effector, heme oxygenase-1. Importantly, the regulatory effects of CAG on M2 markers were reversed upon Nrf2 knockdown with siRNA, underscoring the centrality of the Nrf2 pathway in its anti-inflammatory mechanism. Remarkably, CAG exhibits high bioavailability and permeability across the blood-brain barrier, enabling it to directly interact with specific molecular targets in microglia and macrophages, including protein Tyrosine Kinase 2, cell division cycle 42, and colony stimulating factor 1 receptor. These interactions inhibit the migration and proliferation of inflammatory cells, presenting therapeutic potential for neuroinflammatory conditions and secondary brain injury following intracerebral hemorrhage (Chen T. et al., 2022).
As a pivotal metabolite of AS-IV, CAG’ has garnered significant attention as a therapeutic candidate for inflammation-associated diseases, particularly due to its capacity to modulate M1 macrophage polarization, attenuate inflammatory responses, and promote tissue repair (Figure 4). The broad therapeutic potential of both AS-IV and CAG across diverse disease states underscores their critical role in regulating macrophage-driven pathology. Their applications in orchestrating macrophage polarization have revealed overlapping yet distinct mechanisms in various pathological models. In vitro studies consistently demonstrate their ability to suppress M1 polarization while enhancing markers characteristic of the M2 phenotype. Notably, AS-IV exhibits a broader anti-inflammatory effect in conditions such as sepsis and colitis, whereas CAG demonstrates pronounced efficacy in neuroinflammation and psoriasis, primarily through targeting the NLRP3 inflammasome. Despite these advances, important questions remain unanswered. The precise molecular pathways through which AS-IV regulates macrophage polarization have yet to be elucidated, as does the blood-brain barrier permeability of CAG and its long-term efficacy in chronic disease settings. Although in vitro findings strongly support their potential, they also reveal a dose-dependent dichotomy: AS-IV and CAG elicit therapeutic effects at μM concentrations over 48 h in vitro, yet in vivo efficacy requires mg-level dosing sustained over at least 3 days. This disparity underscores their metabolic processing within the body and highlights their low bioavailability. Table 1 encapsulates the pharmacological effects of AS-IV and CAG across diverse cell lines and murine models, providing a comprehensive overview of their therapeutic impact.
4.3 Synergistic effects of combination therapies involving AS-IV
Combination drug therapy has emerged as a powerful strategy to enhance the therapeutic efficacy of complex diseases by leveraging multi-target synergy. This approach not only lowers the required drug dosages but also minimizes toxic side effects and delays the onset of drug resistance (Hanahan et al., 2000; Blagosklonny, 2005). The multi-mechanistic nature of combination therapies offers unique advantages, particularly in the management of multifactorial diseases such as cancers and cardiovascular disorders.
AS-IV combined with tanshinone IIA shows synergistic anti-atherosclerotic effects. Both compounds mitigate the instability of atherosclerotic plaques by modulating macrophage-mediated inflammatory responses and the formation of foam cells. Their therapeutic efficacy is achieved by activating the PI3K/ Akt signaling pathway while inhibiting the TLR4/ NF-κB axis. In an ApoE−/− mouse model of atherosclerosis, combined treatment with AS-IV (40 mg/kg) and tanshinone IIA (90 mg/kg) significantly reduced the expression of pro-inflammatory cytokines, including IL-6, TNF-α, and C-reactive protein, as well as MMP-9. Additionally, it increased the levels of the anti-inflammatory factor endothelial nitric oxide synthase. Further mechanistic studies revealed that blocking the PI3K/Akt pathway using the inhibitor Wortmannin led to increased nuclear translocation of NF-κB, elevated expression of TLR4, pro-inflammatory factors, and MMP-9, and suppressed endothelial nitric oxide synthase expression, thereby confirming that the PI3K/Akt signaling pathway plays a pivotal role in this combination treatment (Wang et al., 2020).
Similarly, the combination of AS-IV with anti-programmed cell death protein 1 immunotherapy has demonstrated enhanced anti-tumor activity in lung cancer. In a C57BL/6J mouse model of Lewis lung carcinoma, the combination of AS-IV (40 mg/kg) and anti-programmed cell death protein 1 antibody (10 mg/kg) significantly reduced tumor volume and weight. This combined therapy amplified the regulatory effects of AS-IV on macrophage polarization within the TME. Specifically, it upregulated the expression of the M1 macrophage marker mCD86 while downregulating the M2 macrophage marker mCD206, thereby reprogramming immunosuppressive M2 macrophages into tumor-suppressive M1 macrophages. This polarization shifts significantly enhanced the immune system’s capacity to target tumors. Furthermore, the combined therapy inhibited the activation of the PI3K/Akt and extracellular signal-regulated kinase pathways, thereby suppressing tumor cell proliferation and survival. It also promoted T cell activation, as evidenced by elevated expression of the T cell marker mCD3 and the activation marker mCD69 (Wu et al., 2024).
AS-IV and CAG have demonstrated broad therapeutic potential across diverse disease models, including inflammatory, metabolic, ischemic, vascular, autoimmune diseases, and cancers. By regulating macrophage polarization, these compounds effectively suppress inflammatory responses, promote tissue repair, ameliorate metabolic disorders, alleviate ischemic injury, and inhibit tumor growth and metastasis. The observed synergy between AS-IV and CAG in combination therapies paves the way for novel strategies in managing complex diseases. However, while AS-IV and CAG exhibit therapeutic effects across various preclinical disease models, their long-term efficacy and safety in humans remain to be fully established. Moreover, the dual role of macrophages in disease progression presents a challenge, as solely promoting or inhibiting the polarization of a single macrophage phenotype may not yield the desired therapeutic outcomes. Therefore, future studies should explore more nuanced approaches to macrophage modulation. Advancing research into the mechanisms and clinical applications of AS-IV and CAG will provide critical evidence to support their role in disease treatment and inform the development of innovative combination therapies.
5 SAFETY AND PHARMACOKINETICS
CAG and AS-IV are key bioactive components of Astragalus with promising therapeutic potential. Evaluating their safety and pharmacokinetic profiles is critical for assessing their clinical applicability. Current studies, primarily based on animal models and limited human trials, suggest favorable safety and metabolic characteristics; however, further research is required to support their widespread clinical use. Although clinical safety data for AS-IV and CAG remain limited, animal studies indicate that both compounds exhibit a high safety margin. In rat models, AS-IV demonstrated no significant toxicity within a dose range of 0.25–1.0 mg/kg. However, at a dose of 1.0 mg/kg/day, maternal toxicity was observed in pregnant rats, and fetal toxicity occurred at 0.5 mg/kg/day (Jiangbo et al., 2009). Xuying et al. reported that 1.0 mg/kg AS-IV inhibited maternal fertility and delayed developmental milestones in offspring, including fur development, eye opening, and cliff edge reflexes (Xuying et al., 2010). Consequently, caution is strongly advised when considering AS-IV use during pregnancy. Preliminary human trials have also confirmed the safety of AS-IV. No abnormalities in liver or kidney function, adverse reactions, or clinical toxicity were observed following a single intravenous injection of 600 mL or daily injections of 500 mL for seven consecutive days (Xu et al., 2013). Similarly, studies by Yu et al. demonstrated that Astragalus extract exhibited no detectable toxicity or adverse effects in rats and beagles (Yu et al., 2007). For CAG, toxicity studies further reinforced its safety profile. No treatment-related mortality or cardiac effects were observed in rats after oral administration of 150 mg/kg/day for 91 consecutive days. Additionally, CAG showed no genotoxicity or chromosomal aberrations in the mouse peripheral red blood cell micronucleus test or in vitro chromosome aberration assays, highlighting its robust safety characteristics (Szabo, 2014).
As a triterpenoid saponin, AS-IV exhibits low bioavailability. In rats, the oral bioavailability of 20 mg/kg AS-IV was only 3.66%, while in beagles, it was slightly higher at 7.4% (Gu et al., 2004; Zhang et al., 2007). Intravenous injection studies revealed that approximately 83% of AS-IV binds to plasma proteins in both rats and beagles, with a linear relationship observed within the concentration range of 250–1,000 ng/mL (Zhang et al., 2006). AS-IV is primarily absorbed through the intestine and distributed widely throughout the body, with the highest concentrations detected in the liver and kidneys (Chang et al., 2012). Its systemic clearance rate is relatively low (approximately 0.004 L/kg/min), indicating slow metabolism (Zhang et al., 2006). Interestingly, gender differences influence the elimination of half-life of AS-IV. In male rats, the elimination half-life ranged from 71.8 to 98.1 min, whereas in female rats, it varied from 34.0 to 131.6 min (Zhang et al., 2006). In contrast, CAG, a metabolite of AS-IV, demonstrates superior bioavailability and absorption efficiency. In rats, the oral bioavailability of CAG at 10 mg/kg was 25.70%, significantly surpassing that of AS-IV (2.2%) (Ma et al., 2017). CAG is efficiently absorbed through passive diffusion in the intestinal epithelium and undergoes extensive hepatic metabolism. Its systemic elimination rate (approximately 1,500 L/kg/min) is markedly higher than that of AS-IV, reflecting a faster metabolic rate (Ma et al., 2017). At doses of 10, 20, and 40 mg/kg, the elimination half-life of CAG in rats was 5.23 ± 1.55, 7.33 ± 3.03, and 6.06 ± 3.42 h, respectively, indicating relatively stable pharmacokinetic behavior (Ma et al., 2017). These pharmacokinetic differences underscore the enhanced metabolic efficiency of CAG compared to AS-IV. The pharmacokinetic parameters of AS-IV and CAG are summarized in Table 2.
TABLE 2 | Pharmacokinetic parameters of AS-IV and CAG.
[image: Table 2]Collectively, these studies demonstrate that AS-IV and CAG exhibit favorable safety profiles and tolerability in animal models, with no significant toxicity observed in preliminary human trials. CAG, in particular, has shown high safety in toxicity and genotoxicity assessments. Pharmacokinetic studies reveal that CAG possesses higher bioavailability and metabolic efficiency than AS-IV, especially in terms of absorption and distribution, providing a strong foundation for its clinical development. However, the pharmacokinetics of AS-IV and CAG in humans remain incompletely understood. Further investigations are needed to elucidate their detailed metabolic pathways, potential drug interactions, and the effects of long-term use. Additionally, the maternal toxicity of AS-IV in pregnant mice and its potential impact on offspring warrant further exploration to clarify underlying mechanisms and establish safe usage guidelines.
6 INNOVATIONS IN NANOTECHNOLOGY-DRIVEN DELIVERY SYSTEMS FOR AS-IV AND CAG
AS-IV and CAG, two natural products with diverse pharmacological activities, face significant clinical limitations due to their low water solubility and bioavailability. The advent of nanotechnology has provided a transformative approach to overcome these challenges by optimizing the pharmacokinetic properties of these compounds. Through the development of advanced nanocarriers and delivery strategies (Figure 6), researchers have markedly improved their solubility, absorption efficiency, and targeted delivery of AS-IV and CAG, thereby enhancing their therapeutic potential.
[image: Figure 6]FIGURE 6 | Astragaloside IV and cycloastragenol enhance bioavailability and other physicochemical properties by nanotechnology.
Nanoparticle-based technologies have demonstrated improved the bioavailability of AS-IV. For instance, nanoparticles of AS-IV prepared using supercritical anti-solvent technology reduced the particle size to 61.59 nm and altered the physical state from a crystalline structure to an amorphous form. This transformation increased the surface area in contact with water and significantly reduced crystallinity, resulting in a substantial improvement in solubility. Studies revealed that the cumulative dissolution of AS-IV increased from 16.8% to 41.4% within 24 h, with dissolution efficiency enhanced by 2.4-fold (Chen B. Q. et al., 2022). Another notable advancement involved the use of solid lipid nanoparticles combined with hydrogels (SLN-gel), which enabled a sustained-release effect. This system achieved a cumulative release rate of 70% over 48 h, effectively extending the drug’s duration of action in vivo (Chen et al., 2013). Recent studies utilizing copper silicate nanoparticles (CSPs) as carriers demonstrated pH-responsive degradation in the acidic joint microenvironment, achieving 90% cumulative drug release at pH 5.6 while maintaining structural stability under physiological conditions (Yang et al., 2025).
Nanotechnology has also significantly improved the targeted delivery of AS-IV, further enhancing its therapeutic efficacy. For example, AS-IV nanoparticles encapsulated with gold nanorods in a hydrogel matrix based on phenylboronic acid hyperbranched macromolecules enabled precise drug release at myocardial infarction sites via local injection. This approach minimized off-target drug distribution and releases only 15.2% of AS-IV at 72 h, thereby increasing drug concentration in target tissues. The as-prepared hydrogels also suggest a negligible cytotoxicity within 48 h (Chen J. R. et al., 2021). Recent studies on ZIF-8-based biomimetic nanoparticles (As@ZM) demonstrated significant bioavailability improvements for AS-IV. By encapsulating AS-IV within ZIF-8 nanoparticles and coating them with neutrophil membranes, the system achieved a 1.48-fold increase in bioavailability compared to free AS-IV, as evidenced by the AUC0-t values (18.02 ± 0.88 vs. 12.19 ± 1.01 h μg/mL). This enhancement was attributed to neutrophil membrane-mediated targeting, which improved cellular uptake and reduced off-target clearance (Wu et al., 2025). Lipid nanocapsules have also been employed to enhance the oil solubility and biocompatibility of AS-IV. By incorporating phospholipids and surface polyethylene glycol modifications, lipid nanocapsules prolonged ocular retention time, reduced local clearance rates, and significantly improved bioavailability (Sun et al., 2020). Additionally, biomimetic nanosuspensions (SR-ATOASIV@NS) coated with SP94-modified red blood cell membranes and combined with arsenic trioxide and AS-IV demonstrated excellent sustained-release characteristics. At physiological pH (7.4), this system achieved a slow release of 52.74% over 48 h, effectively extending the drug’s circulation time and enhancing therapeutic efficacy (Raza et al., 2024). The development of novel nanocarriers has significantly advanced the delivery efficiency and therapeutic potential of AS-IV. For instance, tetracycline-grafted methoxy polyethylene glycol-polylactic acid-glycolic acid copolymer micelles (TC-mPEG-PLGA) loaded with AS-IV had a relative bioavailability of 218.9% and high affinity, which reduced the toxicity of AS-IV to non-target tissues (Que et al., 2022). Similarly, the use of polycaprolactone-methoxy polyethylene glycol and polycaprolactone-polyethylene glycol-aldehyde to synthesize AS-IV-loaded nanoparticles significantly enhanced bioavailability through sustained release (Kong et al., 2024). In addition, a two-dimensional black phosphorus nano-spray (MSN-PEG@AS/BP) was engineered by combining AS-IV with mesoporous silica nanoparticles. Compared with nano-silica, MSN effectively solves the problems of drug loading efficiency and sustained release kinetics due to its high specific surface area and ordered mesoporous channels. The system leverages MSN to achieve efficient drug loading and sustained release of AS-IV, offering a promising strategy for precise drug delivery (Liu et al., 2022; Zhang et al., 2017). Likewise, β-asarone modified AS-IV loaded chitosan nanoparticles (ASI-βCS-NP) achieved brain-targeted delivery through nasal administration, providing an efficient approach for treating neurological disorders (Zhao et al., 2023b). In recent in vitro cellular experiments, chitosan-based nanoparticles (ATS-CS) have also demonstrated exceptional drug-loading capabilities for AS-IV, achieving an encapsulation efficiency of 68.7% and a loading capacity of 13%. Notably, at a concentration of 17.5 μg/mL, ATS-CS exhibited equivalent suppression of TNF-α and IL-6 levels compared to 35 μg/mL of free AS-IV, indicating a 50% reduction in the effective dose due to enhanced cellular uptake efficiency (Qu et al., 2025). The turmeric nodule exosome-like nanoparticles (AC-CELN) loaded with astragalus components significantly increased the area under the plasma concentration-time curve of AS-IV by nearly 1.17-fold, thereby enhancing its absorption and bioavailability in vivo and ultimately improving its pharmacological effects (Yang et al., 2023). Another innovative carrier, fragmented fiber-based systems, demonstrated the capacity for sustained AS-IV release, with cumulative release rates approaching 80% over 25 days, significantly extending the drug’s duration of action (Li et al., 2015).
The integration of nanotechnology with gel-based systems has further optimized the application of AS-IV. For example, an injectable antibacterial and antioxidant hydrogel composed of poly (citric acid-co-polyethylene glycol) and dopamine enabled sustained AS-IV release over 300 h, achieving a total release of nearly 80% while exhibiting excellent antibacterial properties and biocompatibility (Zhao et al., 2023a). Additionally, thermosensitive sol-gel (TSG) systems extended the ocular retention time of AS-IV through electrostatic interactions between cations and anions on the corneal surface. These systems transition from liquid to semi-solid at body temperature, preventing sudden drug release, improving permeability, and enhancing relative bioavailability by 2.47-fold, thereby offering an innovative solution for the treatment of ocular diseases (Peng et al., 2023). Nanotechnology has also contributed to improving the bioavailability of CAG. Encapsulation of CAG in nanostructured lipid carriers enhanced its physical stability and bioavailability through rapid release kinetics, achieving a drug loading capacity of 26.7% (Chen et al., 2024). Furthermore, CAG was incorporated into oligonucleotide structures using a DNA synthesizer to form oligonucleotide-CAG conjugates. This approach not only improved the water solubility of CAG but also optimized its delivery efficiency and metabolic profile in vivo, providing critical support for its application in treating complex diseases (Tang L. M. et al., 2022). The specific applications of various nanotechnologies in the delivery of AS-IV and CAG are summarized in Table 3.
TABLE 3 | Application of nanotechnology in AS-IV and CAG.
[image: Table 3]In summary, nanotechnology has demonstrated immense potential in the drug development of AS-IV and CAG. By significantly enhancing solubility, bioavailability, and targeted delivery, these strategies have optimized the pharmacokinetic profiles of these natural products and expanded their clinical applications. Particularly in the treatment of inflammation, cardiovascular diseases, and neurological disorders, the combination of nanoparticles, gels, and sustained-release systems offers innovative solutions for the clinical translation of these compounds. However, challenges remain. The long-term stability and biocompatibility of nanocarriers require further refinement to ensure their safety and efficacy in vivo. Additionally, the complex preparation processes and high production costs of nanocarriers pose significant barriers to large-scale applications. Future research should focus on the development of intelligent, responsive nanocarriers, such as pH-sensitive or temperature-sensitive systems, which enable precise drug release and efficient targeted delivery tailored to pathological microenvironments. The use of biodegradable materials in nanocarrier design could further reduce immune response risks and improve the metabolic rate of drugs in vivo, thereby enhancing therapeutic outcomes. Moreover, the integration of multidisciplinary technologies, such as combining gene editing with nanotechnology, holds great promise for optimizing the delivery systems of AS-IV and CAG and improving their therapeutic efficacy in specific diseases. These innovative directions will pave the way for the clinical development of natural product-based drugs, offering precise and efficient solutions for the treatment of complex diseases.
7 CONCLUSION AND OUTLOOK
7.1 Therapeutic potential and mechanisms of action of AS-IV and CAG
AS-IV and its hydrolysate, CAG, have demonstrated broad therapeutic potential across a range of diseases by modulating macrophage function. These natural compounds exhibit significant pharmacological effects, including anti-inflammatory, anti-tumor, anti-aging, and antioxidant properties, as evidenced by in vitro studies and mouse disease models. Notably, AS-IV and CAG play a pivotal role in regulating macrophage behavior, influencing their fate and functionality. By restoring macrophage polarization balance, inhibiting dysfunctional activation and aberrant migration, reducing inflammatory infiltration, and promoting autophagy, these compounds effectively improve the inflammatory microenvironment, repair tissue damage, and regulate TME. These effects are primarily mediated through the modulation of key signaling pathways, including TLR4/NF-κB, PI3K-STAT, PPARγ, AMPK, and mTORC1. The therapeutic potential of AS-IV and CAG has been validated in various preclinical models, encompassing inflammatory diseases, autoimmune disorders, ischemic injuries, metabolic conditions, neuroinflammation, and cancers. Interestingly, the combination of AS-IV with tanshinone IIA exhibits a marked synergistic effect in conditions such as atherosclerosis, enhancing the stabilization of vulnerable plaques while significantly amplifying antioxidant and anti-inflammatory activity. In recent years, advancements in nanotechnology have addressed the challenges posed by the low solubility and bioavailability of AS-IV and CAG, offering novel avenues to enhance their clinical applicability and therapeutic efficacy.
7.2 Challenges in clinical translation of AS-IV and CAG
At present, no marketed drugs containing AS-IV are available. Investigational products currently in development include AS-IV glucose injection and AS-IV sodium chloride injection (Acceptance numbers: X0408491 and X0408490), both targeting angina pectoris in coronary heart disease. However, their development remains at the completed Phase III clinical trial stage, with no subsequent updates reported (Chinese Clinical Trial Registry, 2015). In contrast, CAG has a commercially available formulation: Cycloastragenol 10 mg hard capsules, manufactured by Auzzie Lab. With a recommended daily dose of 10 mg, this formulation demonstrates potential to support cellular function and promote overall health and wellbeing (Australian Government Department of Health and Aged Care, 2018). Nevertheless, it is exclusively a single-compound drug. Comparatively, on 1 November 2019, ProBLEN introduced Telomere-DNA, a novel spray formulation. This product transiently enhances the body’s capacity to maintain or rebuild telomere length, support cellular function, and protect against DNA damage (U.S. Food and Drug Administration, n.d.). However, it remains an unapproved homeopathic product under current regulatory standards. Nevertheless, there are still certain challenges in clinical development. One of the primary obstacles lies in the incomplete understanding of their molecular mechanisms, particularly in regulating macrophage polarization. Macrophage polarization is a complex and dynamic process, involving the interplay of multiple signaling pathways and effector genes. Current research predominantly focuses on classical pathways, yet a comprehensive understanding of the binding interactions between specific ligands and receptors, as well as the multilayered regulation of downstream signal transduction, is still lacking. Modern gene-editing technologies, such as CRISPR-Cas9, offer powerful tools to elucidate these mechanisms. For instance, by constructing a single-guide RNA (sgRNA) library targeting 2,398 genes and applying genome-wide CRISPR-Cas9 screening in B16 tumor cells, researchers identified protein tyrosine phosphatase non-receptor type 2 as a novel cancer immunotherapy target. This study also highlighted the potential of CRISPR-Cas9 screening in identifying critical immunomodulatory genes (Manguso et al., 2017). In the future, similar approaches could be employed to systematically investigate how AS-IV influence macrophage transcriptional networks and epigenetic modifications through specific signaling pathways.
Another critical challenge is the incomplete characterization of the pharmacokinetic profiles of AS-IV, which are essential for optimizing dosing regimens and enhancing the therapeutic efficacy. Existing studies predominantly rely on animal models, and there is a pressing need to elucidate the absorption, distribution, metabolism, and excretion (ADME) processes across different administration routes, as well as the in vivo dynamics of their active metabolites. CADD presents a promising avenue for addressing these limitations. By leveraging the molecular structures of AS-IV, CADD can facilitate the development of novel compounds with improved bioavailability and targeted delivery. Recent studies, for example, synthesized two peptide compounds, AKVUAM-1 and AKVUAM-2, using CADD technology. These compounds exhibited water solubilities of 2.30 × 10−7 mol/L and 3.03 × 10−8 mol/L, respectively, significantly improving pharmacokinetic properties and successfully inhibiting interactions between Mycobacterium tuberculosis and macrophage surface receptors (Simsek et al., 2024). This research provides a theoretical and experimental foundation for designing high-efficiency, low-toxicity therapeutics, and similar strategies could be applied to optimize the molecular design of AS-IV. Despite promising results in animal studies, the long-term safety and efficacy of AS-IV in humans remain to be systematically validated through clinical trials. Notably, discrepancies in therapeutic doses reported in the literature underscore the need to establish a safe and effective dosing range before clinical application.
Furthermore, the development of AS-IV and CAG formulations faces several technical challenges, including improving stability, loading efficiency, and targeted delivery. Emerging nanotechnologies have shown great promise in overcoming these limitations. Drug delivery platforms incorporating nanostructured liposomes, polymer micelles, and thermosensitive gels have successfully enhanced the water solubility, delivery efficiency, and tissue specificity of AS-IV and CAG, thereby improved their metabolic kinetics and bolstered their clinical competitiveness.
7.3 Future directions for AS-IV and CAG research
Future research and development of AS-IV and CAG can be advanced along three primary directions. Initially, existing studies in cancer treatment and immune regulation suggest that combination therapies can significantly amplify therapeutic outcomes. Thus, exploring synergistic strategies that combine AS-IV or CAG with immune checkpoint inhibitors, tumor vaccines, and other immunotherapies represents a promising avenue for cancer treatment (Liu X. et al., 2021). For instance, AS-IV has been formulated into excipient-free mesoporous microfibers (SMF) and utilized as an injectable three-dimensional (3D) scaffold for tumor vaccine delivery. This approach demonstrated a remarkable enhancement in immune efficacy, reducing tumor weight by an average of 58.47%. Moreover, SMF has shown the potential to synergize with clinically established TLR-4 agonists (e.g., MPLA) and immune checkpoint blockers such as anti-PD-L1, thereby further augmenting anti-tumor effects (Huo et al., 2024). Additionally, photodynamic therapy, which eliminates tumor cells and pathogens by generating reactive oxygen species (ROS), has shown efficacy in treating chromoblastomycosis (CBM) (Yi et al., 2017). Given its role in modulating macrophage phagocytosis and autophagy, combining AS-IV with photodynamic therapy may further enhance therapeutic outcomes by boosting macrophage immune function.
Subsequently, macrophages serve as the primary host cells for M. tuberculosis, and regulating macrophage polarization to promote M1 polarization or reverse M2 polarization has emerged as a key strategy in tuberculosis treatment (Castaño et al., 2011). AS-IV exhibits unique advantages in modulating macrophage polarization and enhancing anti-infective immunity, making it a promising candidate for developing novel anti-tuberculosis immunotherapies. For example, gene knockout studies have identified the ROS-ATM-Chk2 signaling axis as a critical mediator of M1 macrophage polarization, with inhibition of this axis significantly reducing lung inflammation (Li C. et al., 2024). By leveraging AS-IV’s ability to balance M1/M2 macrophage functions, its therapeutic potential in tuberculosis could be further explored. Furthermore, AS-IV and CAG may strengthen host defenses against other infectious pathogens by modulating macrophage immunometabolism pathways, providing a new direction for infectious disease research (Yao et al., 2023).
Lastly, AS-IV and CAG hold promises for treating complex diseases such as metabolic disorders and neuroinflammation. In metabolic diseases, these compounds exhibit anti-inflammatory and metabolic regulatory effects by modulating immune cell function and metabolic pathways. For instance, AS-IV improves insulin sensitivity by activating the AMPK signaling pathway and mitigates metabolic disturbances induced by high-fat diets (Wang C. Y. et al., 2018). In neuroinflammation, AS-IV and CAG have been shown to reduce neuroinflammatory responses by regulating microglial polarization, thereby alleviating the pathological progression of neurodegenerative diseases (Bao et al., 2023; Ikram et al., 2021). The integration of precision medicine technologies could further expand the clinical applicability of AS-IV and CAG, offering novel strategies for personalized treatment approaches. Concurrently, the development of multifunctional delivery platforms, such as nanotechnology-based targeted delivery systems, could enhance the stability and bioavailability of AS-IV and CAG, facilitating their translational applications in the treatment of complex diseases (Que et al., 2022).
In summary, AS-IV and CAG, as bioactive compounds derived from natural plants, exhibit significant therapeutic potential across a wide range of pathological conditions, including inflammatory diseases, cancers, and infectious diseases. Through the application of modern biotechnologies such as gene editing, CADD, and high-throughput screening, coupled with advancements in nanotechnology, future research is expected to precisely define their molecular targets, optimize drug delivery efficiency, and validate their broad clinical applicability (Figure 7). These efforts will not only advance the field of natural medicine but also provide innovative strategies and tools for addressing complex diseases, thereby opening new frontiers in medical research.
[image: Figure 7]FIGURE 7 | Summary of the research progress and future perspectives of astragaloside IV and cycloastragenol.
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