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Diabetic nephropathy (DN), a prevalent complication of diabetes mellitus (DM), is clinically marked by progressive proteinuria and a decline in glomerular filtration rate. The etiology and pathogenesis of DN encompass a spectrum of factors, including hemodynamic alterations, inflammation, and oxidative stress, yet remain incompletely understood. The NOD-like receptor pyrin domain-containing 3 (NLRP3) inflammasome, a critical component of the body’s innate immunity, plays a pivotal role in the pathophysiology of DN by promoting the release of inflammatory cytokines, thus contributing to the progression of this chronic inflammatory condition. Recent studies highlight the involvement of the NLRP3 inflammasome in the renal pathology associated with DN. This article delves into the activation pathways of the NLRP3 inflammasome and its pathogenic implications in DN. Additionally, it reviews the therapeutic potential of traditional Chinese medicine (TCM) in modulating the NLRP3 inflammasome, aiming to provide comprehensive insights into the pathogenesis of DN and the current advancements in TCM interventions targeting NLRP3 inflammatory vesicles. Such insights are expected to lay the groundwork for further exploration into TCM-based treatments for DN.
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1 Introduction

Diabetic nephropathy (DN) represents a severe complication of diabetes mellitus (DM), emerging as a leading cause of end-stage renal disease (ESRD) (1). Characterized by a progressive increase in proteinuria and a persistent decline in renal function, DN culminates in irreversible renal damage, severely compromising patients’ quality of life. With the global diabetic population projected to rise from 537 million to 783 million within the next 24 years, the prevalence of DN is expected to escalate correspondingly (2). At the heart of DN’s pathophysiology is a microinflammatory state, underscored by an innate immune response that perpetuates inflammation in both circulating blood and renal tissues (3). Central to this response are inflammasomes—cytoplasmic multi-protein complexes that activate inflammatory caspase-1, thus playing a pivotal role in the innate immune system (4). Among these, the NOD-like receptor pyrin domain-containing 3 (NLRP3) inflammasome stands out as a key player, extensively implicated in the orchestration of inflammatory responses through the formation and release of cytokines such as interleukin-1β (IL-1β) and IL-18 (5). Consequently, NLRP3’s involvement extends to a myriad of chronic inflammatory conditions, including DN. Current research underscores the close association between NLRP3 inflammasome activity and DN progression, highlighting its significance in understanding and addressing this debilitating complication of DM.




2 Overview of NLRP3 inflammasome

The NLRP3 inflammasome is a cytoplasmic multi-protein complex pivotal in innate immunity, comprising the NLRP3 protein, the apoptosis-associated speck-like protein containing a CARD (ASC), and the cysteine aspartic acid protease 1 precursor (pro-caspase-1). NLRP3 serves as a crucial regulatory protein within this complex, featuring a C-terminal leucine-rich repeat (LRR) domain, a central NACHT domain that triggers proinflammatory signaling, and an N-terminal pyrin (PYD) domain for recruiting proteins to assemble the inflammasome (6). ASC acts as an adaptor molecule with its N-terminal PYD and C-terminal caspase activation and recruitment domain (CARD), bridging the NLRP3 protein with caspase-1 (7). Upon sensing specific stimuli, NLRP3 acts as a scaffold to bind ASC, which subsequently recruits and processes pro-caspase-1 into its active form, caspase-1. Caspase-1 then catalyzes its own cleavage into a heterodimer composed of P10 and P20 subunits (8). This activation sequence facilitates the maturation and secretion of inflammatory cytokines, notably IL-1β and IL-18, from their precursors (pro-IL-1β and pro-IL-18), culminating in an inflammatory response.

The activation of the NLRP3 inflammasome extends beyond immune cells such as macrophages and dendritic cells to include intrinsic renal cells, underscoring its broad involvement in renal disease pathogenesis (9). Various stimuli can trigger NLRP3 inflammasome activation, including ion fluxes (10), reactive oxygen species (ROS) (11), mitochondrial dysfunction (12), and lysosomal damage (13).

One notable signaling agent for NLRP3 inflammasome activation is perforin, which compromises cell membrane integrity, leading to intracellular potassium (K+) efflux and enabling extracellular molecules like lipopolysaccharide (LPS) to enter the cell (14). This process highlights the critical role of K+ in the regulation of the NLRP3 inflammasome. Similarly, respiratory chain inhibitors can induce mitochondrial dysfunction and elevate ROS production, thereby promoting NLRP3 activation. Conversely, the utilization of ROS scavengers or NADPH oxidase inhibitors markedly inhibits this activation process (15).The release of lysosomal histone B emerges as a crucial step for IL-1β production, though it is not necessary for the generation of IL-1β precursors. Histone B facilitates inflammasome activation via ROS mechanisms (16). Moreover, lysosomal damage, potentially leading to the release of lysosomal calcium (Ca2+), is implicated in the activation of the NLRP3 inflammasome, further illustrating the complex interplay of cellular events leading to inflammatory responses in renal disease (17).

The classical pathway of NLRP3 inflammasome activation is dependent on caspase-1, encompassing two phases: initiation and activation (18). Phase 1 involves Damage-Associated Molecular Patterns (DAMPs), which activate the nuclear transcription factor-κB (NF-κB) through the pattern recognition receptor family of Toll-like receptors (TLRs), tumor necrosis factor-α (TNF-α) receptor, etc. This activation induces the synthesis and accumulation of NLRP3, pre-interleukin-18 (IL-18) mRNA, pro-interleukin-1α (pro-IL-1α), and pre-interleukin-1β (IL-1β) mRNA (19). Phase 2 is triggered by activation signals from ATP, bacteria, and uric acid crystals, leading to the activation of NLRP3 inflammasomes. This activation promotes the transcriptional expression of pro-IL-1β and pro-IL-18, culminating in the formation and secretion of the inflammatory factors IL-1β and IL-18 (20). Consequently, NF-κB is considered a critical mediator in the activation of NLRP3 inflammasomes due to its major role in pro-inflammatory cytokine mediation (21).




3 Role of NLRP3 inflammatory vesicles in diabetic nephropathy

Diabetic nephropathy (DN) is a severe complication of diabetes mellitus (DM), characterized by progressive proteinuria, renal impairment, and varying degrees of renal tissue fibrosis or glomerulosclerosis, potentially leading to end-stage renal disease. Increasing evidence underscores the critical role of inflammatory cell infiltration in DN pathogenesis. Activation of inflammatory mediators, such as C-reactive protein (CRP), monocyte chemotactic protein-1 (MCP-1), and inflammatory vesicles, drives macrophage infiltration, tubular fibrosis, and accelerates glomerulosclerosis (22). Recent studies have spotlighted the NLRP3 inflammasome’s pivotal role in renal inflammation, contributing to renal pathological lesions and injury. See Figure 1.




Figure 1 | The role of NLRP3 inflammatory vesicles in diabetic nephropathy.





3.1 Mediation of cellular pyroptosis

Introduced in 2001, “cellular pyroptosis” denotes a pro-inflammatory programmed cell death (23). In a sustained high-glucose environment, NLRP3 collaborates with ASC and proCaspase-1 to form an inflammatory complex, subsequently activating Caspase-1. Activated Caspase-1 enhances the maturation of pro-IL-1/pro-IL-18, releasing abundant inflammatory cytokines, including IL-1β and IL-18 (24). Simultaneously, Caspase-1 cleaves Gasdermin D (GSDMD). The N-terminus of GSDMD, possessing pore-forming activity, attaches to the cell membrane, creating large pores (25). This leads to cell membrane rupture, discharge of cellular contents, and release of inflammatory factors, culminating in cellular pyroptosis. Research highlights the therapeutic potential of modulating this pathway in DN. Zhang et al. (26) demonstrated that MCC950, a potent NLRP3 inhibitor, could mitigate podocyte injury and renal fibrosis by targeting the NLRP3/caspase-1/IL-1β axis. Similarly, Wang et al. (27) observed that inhibiting TLR4/NF-κB signaling could reverse the upregulation of GSDMD-NT under hyperglycemic conditions, reducing IL-1β release, alleviating proteinuria, and decelerating renal injury. This suggests that TLR4/NF-κB signaling plays a crucial role in GSDMD-mediated damage in DN renal tubular cells. Further studies have implicated the hypoxia-inducible factor 1α (HIF-1α) and glycogen synthase kinase 3β (GSK-3β) signaling pathway in the regulation of inflammatory responses and cell death in DN (28). Specifically, high glucose conditions that elevate HIF-1α expression in renal proximal tubular epithelial cells can be counteracted by GSK-3β inhibition, leading to reduced NLRP3 and caspase-1 activation, and subsequently, lower levels of IL-1β and IL-18.

Moreover, emerging evidence suggests that endoplasmic reticulum stress may contribute to DN pathogenesis through the NF-κB/NLRP3 pathway, offering additional targets for therapeutic intervention (29). Collectively, these findings underscore the complexity of DN at the molecular level and the potential for targeting the NLRP3 inflammasome and associated signaling pathways to ameliorate DN progression.




3.2 Involvement in oxidative stress

Oxidative stress plays a pivotal role in the development of DN. The in vivo overproduction of reactive oxygen species (ROS) is a critical driver in the activation of NLRP3 inflammatory vesicles. The nuclear transcription factor erythroid 2-related factor 2 (Nrf2), pivotal in regulating oxidative stress, dissociates from Kelch-like ECH-associated protein 1 (Keap1) and translocates to the nucleus (30). Here, it activates downstream target genes, such as heme oxygenase-1 (HO-1) and superoxide dismutase (SOD), effectively mitigating oxidative stress. Recent studies underscore the ability of the Nrf2/HO-1 signaling pathway to inhibit NLRP3 inflammatory vesicle activation, thereby attenuating podocyte injury and improving DN-related renal function and histopathology (31).

Mitochondrial ROS further stimulate the localization of NLRP3 to mitochondria-associated endoplasmic reticulum membranes (MAMs), facilitating the recruitment of ASC and the assembly with NLRP3 and pro-Caspase-1 to form the NLRP3 inflammasome. This assembly promotes the release of inflammatory cytokines, such as IL-1β and IL-18, which in turn trigger the production of pro-fibrotic factors like TGF-β, fostering renal fibrosis (32). Han et al. (33) highlighted that an overproduction of mitochondrial ROS leads to a reduction in thioredoxin (TRX) levels and an increase in thioredoxin-interacting protein (TXNIP), alongside elevated expression of NLRP3, IL-1β, and TGF-β. The application of the mitochondrial ROS antioxidant MitoQ has been shown to inhibit the dissociation of TRX from TXNIP, blocking the TXNIP-NLRP3 interaction and reducing the release of IL-1β. This indicates that the mitochondrial ROS-TXNIP/NLRP3/IL-1β axis may be responsible for oxidative damage in renal tubules. Moreover, in mice, high glucose levels can activate NLRP3 inflammatory vesicles in glomerular podocytes by stimulating nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, leading to an inflammatory response and podocyte injury (34). Thus, the suppression of intracellular ROS levels can serve as a strategy to prevent NLRP3 inflammasome activation.




3.3 Regulation of podocyte autophagy

Autophagy, a highly conserved lysosomal degradation mechanism, plays a critical role in cellular defense. It removes damaged organelles and dysfunctional proteins, thereby safeguarding cells from injury. This process is essential for maintaining the normal function of glomerular podocytes, key components in kidney filtration (35). A majority of studies have highlighted a deficiency in podocyte autophagy in the context of diabetic nephropathy (DN). Overactivation of the mechanistic target of rapamycin (mTOR) pathway, primarily via its upstream phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt) signaling, has been identified as a central factor leading to impaired autophagy in podocytes (36). This impairment contributes to excessive matrix accumulation and accelerates renal fibrosis.AMP-activated protein kinase (AMPK) serves as a crucial nutrient-sensitive pathway regulating autophagy in DN-afflicted podocytes. Activated AMPK can induce autophagy by inhibiting mTOR complex 1 (mTORC1) through the phosphorylation of the TSC1-TSC2 complex, thus offering a protective effect against kidney damage (37). Recent investigations have elucidated the interaction between autophagy and the NLRP3 inflammasome in DN. On one side, studies, such as those conducted by Wang et al., demonstrate that modulating the AMPK/mTORC1/NLRP3 signaling axis in diabetic kidneys can suppress NLRP3 inflammasome-mediated cellular death and mitigate renal fibrosis (38). Conversely, research by Hao et al. (39) reveals that NLRP3 inflammatory vesicles can adversely affect podocyte autophagy, leading to a deficiency in this protective mechanism. However, under high glucose conditions, inhibiting NLRP3 activation can stimulate podocyte autophagy. Therefore, targeting autophagy or inflammatory pathways offers a promising approach to delay renal injury in diabetic nephropathy, showcasing the intricate balance between cellular degradation processes and inflammatory responses in disease progression.




3.4 NLRP3 and exosomes

Exosomes, small lipid bilayer vesicles with diameters ranging from 40 to 160 nm, are carriers of diverse biomolecules, including proteins, DNA fragments, messenger RNA (mRNA), microRNA (miRNA), circular RNA (circRNA), and transcription factors (40). These vesicles play a pivotal role in intercellular communication. Liu et al. (41) observed that exosomes derived from macrophages stimulated by high glucose levels significantly increased 24-hour urinary protein, serum blood urea nitrogen (BUN), and serum creatinine (Scr) levels in DN mice. Additionally, these exosomes upregulated the expression of inflammatory markers such as NLRP3, ASC, Caspase-1, and IL-1β. This suggests that macrophage-derived exosomes under high glucose conditions exacerbate the inflammatory response and activate the NLRP3 inflammasome, leading to abnormal proliferation of mesangial cells, excessive extracellular matrix accumulation, and accelerated renal fibrosis. Furthermore, Zheng et al. (42) discovered through RNA sequencing that miR-342–3p was significantly down-regulated in the kidneys of DN rats. They also found that exosomes from human umbilical cord mesenchymal stem cells (UC-MSCs) could deliver miR-342–3p, resulting in reduced expression of ASC and IL-1β in the kidney. This indicates that UC-MSCs may protect against renal tubular epithelial cell death in DN by releasing miR-342–3p, which targets the NLRP3/Caspase-1 signaling pathway. Hence, future therapeutic strategies aimed at modulating exosomal contents could offer a novel approach to mitigating renal pathological changes by inhibiting NLRP3 inflammasome activation in diabetic nephropathy.





4 Intervention of Chinese herbal medicine on NLRP3 inflammatory vesicles in diabetic nephropathy



4.1 Traditional Chinese medicine monomers



4.1.1 Astragaloside IV

Astragaloside IV, a lanolinol-form tetracyclic triterpenoid saponin, is a principal active component of Astragalus, widely recognized in traditional Chinese medicine. Pharmacological research underscores its multifaceted benefits, including anti-inflammatory, antioxidant, hypoglycemic, hypolipidemic, and antifibrotic effects (43). AS-IV’s efficacy in DN encompasses the amelioration of oxidative stress, inflammation reduction, and endoplasmic reticulum stress mitigation (44). In db/db mice, AS-IV administration notably decreased urinary protein, serum creatinine (Scr), and blood urea nitrogen (BUN) levels, alongside reducing renal tissue expressions of NLRP3, caspase-1, and IL-1β. Additionally, AS-IV thwarted the high glucose-induced activation of NLRP3 in mouse podocytes in vitro, suggesting a protective role against renal function deterioration and podocyte injury via dampening NLRP3 inflammasome-mediated inflammation (45). Recent studies (46) have demonstrated that Astragaloside IV (AS-IV) can suppress the expression of NLRP3, Caspase-1, GSDMD, IL-1β, and IL-18, thereby mitigating podocyte cell death in diabetic nephropathy (DN). This effect is mediated through the upregulation of deacetylase 6 (SIRT6) and the downregulation of the hypoxia-inducible factor 1 α subunit (HIF-1α), indicating a potential therapeutic pathway for addressing the underlying mechanisms of DN. Moreover, AS-IV engages the NF-κB/NLRP3 signaling pathway to elevate endogenous klotho protein expression, thus offering a protective shield for DN-affected glomerular podocytes in hyperglycemic conditions (47).




4.1.2 Triptolide

Triptolide (TP), a natural diterpene triepoxide, is a prominent active component derived from the traditional Chinese herb Lei Gong Teng (Thunder God Vine). Known for its potent anti-inflammatory properties, TP has been extensively documented to modulate the inflammatory response by inhibiting the secretion of inflammatory cytokines and inducing apoptosis in fibroblasts (48). Research underscores TP’s protective effects against DN, particularly in safeguarding podocytes from damage and reducing proteinuria levels (49). Wu et al. (50) have demonstrated that TP mitigates high glucose-induced epithelial-mesenchymal transition (EMT) in podocytes, a critical process in DN pathogenesis, by attenuating the activation of NLRP3 inflammatory vesicles. This action of TP is pivotal in preventing podocyte pyroptosis—a form of programmed cell death associated with inflammation—and improving the structural and functional integrity of the kidneys in DN. One mechanism through which TP exerts these protective effects involves the upregulation of nuclear factor-erythroid 2-related factor 2 (Nrf2) and heme oxygenase-1 (HO-1) protein expression, alongside a reduction in reactive oxygen species (ROS) levels (51). Through these pathways, TP not only inhibits NLRP3 inflammasome activation but also ameliorates oxidative stress, underscoring its therapeutic potential in DN management.




4.1.3 Ginsenosides

Ginsenosides, the active monomeric ingredients of ginseng, exhibit a broad spectrum of pharmacological properties, including antioxidant, anti-inflammatory, hypoglycemic, and anti-aging effects (52). Among the various ginsenosides, Compound K stands out for its significant improvement in kidney function in DN by reducing the expression of inflammatory cytokines such as IL-1β and IL-18. This effect is largely attributed to its ability to inhibit the TXNIP-mediated activation of NLRP3 inflammatory vesicles (53). Ginsenoside Rg1 has been identified as another potent compound, offering protection against hyperlipidemia-induced injury in DN podocytes through the mTOR/NF-κB/NLRP3 signaling axis (54). This pathway plays a crucial role in inhibiting cell death and ameliorating renal damage. Similarly, Ginsenoside Rg5 has been shown to diminish inflammatory responses by inhibiting the activation of the NLRP3 inflammasome, consequently reducing blood glucose, creatinine, and urea nitrogen levels in mice with diabetic nephropathy (DN) (55). Furthermore, it significantly ameliorates renal pathology in these diabetic mice. Moreover, Ginsenoside Rg3 has demonstrated the capacity to block IL-1β secretion and caspase-1 activation by inhibiting NLRP3 inflammasome activation in both human and mouse macrophages (56). This mechanism further underscores the therapeutic potential of ginsenosides in mitigating inflammatory processes implicated in the progression of DN.




4.1.4 Geniposide

Geniposide, a cyclen terpene glycoside, stands as a principal active component of the Gardenia plant, revered in Chinese medicine for its broad pharmacological spectrum. Experimental evidence supports GE’s anti-inflammatory, antioxidant capabilities, alongside its roles in protecting the central nervous system and modulating immunity (57). Geniposide (GE) has been demonstrated to attenuate monocyte and T-lymphocyte infiltration, suppress the secretion of pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α), interleukin-1 (IL-1), and IL-6, and inhibit the NF-κB signaling pathway (58). These actions collectively contribute to the enhancement of both structure and function in the kidneys of rats afflicted with diabetic nephropathy. A critical mechanism through which GE exerts its therapeutic effect involves the inhibition of NLRP3-mediated cellular processes. GE significantly diminishes the protein expression along the AMPK/SIRT1/NF-κB pathway, thereby blocking NLRP3-mediated cellular pyroptosis and oxidative stress, crucial contributors to the pathogenesis of DN (59). Moreover, crocetin, another active ingredient derived from Gardenia jasminoides, complements GE’s anti-inflammatory profile. Crocetin notably suppresses the production of reactive oxygen species (ROS) and pro-inflammatory factors, including TNF-α, IL-1β, and IL-18, by inhibiting NLRP3 inflammatory vesicle expression in renal tissues of DN rats (60). This collective action significantly ameliorates renal fibrosis, highlighting the potential of GE and related compounds in the management of DN.




4.1.5 Berberine

Berberine, the principal bioactive component of the traditional Chinese herb Bergenia lutea, known for its efficacy in treating inflammatory diseases and diabetes mellitus, has garnered attention for its renal protective properties (61). Research has illuminated BBR’s capacity to ameliorate renal impairment and counteract podocyte dysfunction via key signaling pathways, including phosphatidylinositol 3-kinase/protein kinase B (PI3K-Akt) (62), Toll-like receptor 4/nuclear factor kappa-light-chain-enhancer of activated B cells (TLR4/NF-κB) (63), and transforming growth factor-β/Smad3 (64). These mechanisms collectively underscore BBR’s protective role in diabetic nephropathy. The epithelial-to-mesenchymal transition (EMT) process, a pivotal event in the initiation of cellular matrix accumulation and renal fibrosis (65), has been identified as a critical target for DN management (66). BBR’s ability to mitigate high glucose-induced EMT and renal interstitial fibrosis highlights its potential as a therapeutic agent, chiefly through the inhibition of the NLRP3 inflammasome’s activation. Furthermore, studies by Ma et al. (67) and Ding et al. (68) have demonstrated BBR’s effectiveness in reducing blood glucose levels, serum creatinine, and urea nitrogen, thereby improving the renal pathology in DN models. The underlying mechanism attributed to BBR’s efficacy involves the suppression of NLRP3-Caspase-1-GSDMD signaling-mediated cell death, augmented by the upregulation of the antioxidant transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2). This modulation results in decreased release of inflammatory cytokines and alleviation of oxidative stress, offering a promising avenue for DN treatment.




4.1.6 Other herbal monomers

Recent research has highlighted the efficacy of several herbal monomers in delaying kidney injury progression through their antioxidant properties. High glucose conditions induce excessive production of reactive oxygen species (ROS), leading to oxidative stress. Under such stress, the nuclear factor erythroid 2-related factor 2 (Nrf2) dissociates from its inhibitor, Kelch-like ECH-associated protein 1 (KEAP1), and translocates to the nucleus (69). There, Nrf2 activates the transcription of downstream antioxidant enzymes like heme oxygenase-1 (HO-1), effectively mitigating oxidative stress. The Nrf2 pathway is noted for its dual antioxidant and anti-inflammatory functions, offering a protective mechanism against DN progression. Syringaresinol, for example, can alleviate DN by suppressing NLRP3 expression through the Nrf2-mediated antioxidant pathway (70). The interaction between thioredoxin-interacting protein (TXNIP) and ROS is crucial for the activation of NLRP3 inflammatory vesicles, representing a key target for therapeutic intervention (71). Compounds such as Tanshinone IIA (72) and Salidroside (73) have been shown to inhibit cellular death and delay DN progression by targeting the TXNIP/NLRP3 pathway.Calycosins, principal components of Astragalus, exhibit multiple pharmacological effects, including the ability to improve renal function in DN. These effects are achieved by modulating the NF-κB/p65/NLRP3/TXNIP signaling pathway, reducing lactate dehydrogenase activity, and attenuating cellular damage (74). Andrographolide further demonstrates the potential to inhibit NLRP3 inflammasome activation and prevent renal tubular epithelial cell apoptosis by ameliorating mitochondrial dysfunction (75). Breviscapine has been found to reduce inflammasome activation by targeting high glucose-induced NF-κB signaling, decreasing cellular pyroptosis, and modulating the expression of α-smooth muscle actin (α-SMA) and podoplanin (76). Curcumin, known for its broad-spectrum therapeutic effects, inhibits the upregulation of type IV collagen and fibronectin in the renal cortex, reduces membrane matrix expansion, and decreases albuminuria levels in db/db mice, likely through the inhibition of NLRP3 inflammatory vesicle activity (77) (Table 1).


Table 1 | The molecular mechanism of Chinese medicine monomer regulating NLRP3 inflammasome in DN.







4.2 Chinese medicine compound prescription

The practice of Chinese medicine compounding, characterized by its utilization of multiple components, pathways, and targets, has demonstrated significant therapeutic efficacy in managing diabetes mellitus (78) and its complications (79). Among these compound prescriptions, the Yi Shen Pai Du Formula (YSPDF) stands out for its composition and potential benefits. YSPDF comprises a blend of Astragali radix (Huang Qi), Rhei radix et rhizome (Da Huang), Hirudo (Shui Zhi), and Bombyx batrytocatus (Jiang Can), each selected for their unique pharmacological properties.Studies indicate that YSPDF (80) can notably reduce oxidative stress and inflammatory factor release, thereby alleviating renal fibrosis in db/db mice models. Further in vitro analyses suggest that YSPDF may prevent the epithelial-mesenchymal transition (EMT) and inhibit NLRP3 inflammatory vesicle formation in renal tubular epithelial cells under high glucose conditions, primarily through the activation of the Nrf2 pathway. This indicates a multifaceted approach to modulating cellular processes pivotal in the progression of diabetic nephropathy. Hirudin, derived from the medicinal leech’s salivary glands, contributes significantly to YSPDF’s efficacy. With its anticoagulant, antifibrotic, antithrombotic, and anti-inflammatory properties, hirudin offers substantial kidney protection (81). Specifically, it suppresses the expression of protease-activated receptor 1 via the S1P/S1PR2/S1PR3 signaling pathway, curbing TGF-β-mediated fibrosis in renal proximal tubular epithelial cells (82). This mechanism underscores the complex yet highly targeted action of YSPDF and similar Chinese medicine compounds in combating renal pathologies associated with diabetes.

Alterations in the gut microbiota and its metabolites, including short-chain fatty acids (SCFAs), trimethylamine oxide (TMAO) (83), and secondary bile acids (84), play a pivotal role in the exacerbation of renal disease progression and impact distant organs. Notably, excessive intestinal TMAO has been linked to renal tubulointerstitial fibrosis in diabetes mellitus (DM) patients, enhancing the expression of pro-fibrotic genes and markers of kidney injury (85). Moreover, TMAO is known to elevate intracellular mitochondrial reactive oxygen species (mROS) levels, thereby activating NLRP3-mediated cellular death (86).In response to these challenges, the Zuogui-Jiangtang-Yishen (ZGJTYS) decoction, an optimization of the classic Chinese herbal formula Zuoguiwan, targets the mROS-NLRP3 axis (87). ZGJTYS regulates this axis to inhibit the activation of cellular focal death induced by intestinal-derived TMAO, thereby ameliorating glucose-lipid metabolism disorders and improving renal function (88). This approach not only delays renal pathological changes but also prevents DN progression.

Additionally, the Yiqi-Huoxue-Jiangzhuo formula (YHJF), validated by Guang’anmen Hospital of the China Academy of Traditional Chinese Medicine (89), has shown efficacy in treating CKD and its complications (90). YHJF’s cardioprotective effects in mice with CKD are attributed to gut microbiota modulation and NLRP3 inflammatory vesicle inhibition (91). The Tongluo Yishen (TLYS) decoction, comprising Salvia miltiorrhiza and Fangji, further illustrates the therapeutic potential of Chinese medicine compounds. TLYS has demonstrated the ability to ameliorate renal fibrosis by modulating NLRP3-mediated cell death, showcasing significant results after just two weeks of intervention in rat models (92) (Table 2).


Table 2 | The molecular mechanism of Chinese herbal compound regulating NLRP3 inflammasome in DN.






4.3 Proprietary Chinese medicines



4.3.1 Huangkui capsule

The Huangkui capsule, a modern proprietary Chinese medicine extracted from Abelmoschus manihot (L.), has garnered approval from the State Food and Drug Administration of China (State Pharmaceutical License Z19990040) (93). Its widespread use in managing diabetic nephropathy (DN) underscores its therapeutic significance. Through high-performance liquid chromatography (HPLC) analysis, the capsule has been identified to contain seven classes of flavonoids, including rutin, chrysin, isoquercitrin, populin, and quercetin (94). These flavonoids are recognized for their potent antioxidant and antilipidemic properties (95).

In the context of hyperglycemic conditions, rutin demonstrates the capability to diminish reactive oxygen species (ROS) by suppressing the Nox4 gene expression, leading to the downregulation of TXNIP, NLRP3, and caspase-1 expression (96). Furthermore, comprehensive extracts of the Huangkui capsule have been shown to mitigate renal tubular injury. This protective effect is attributed to the inhibition of NLRP3 inflammatory vesicle activation via the ERK1/2 signaling pathway (97).

Mechanistic studies increasingly affirm the capsule’s efficacy in improving proteinuria, evidenced by the downregulation of biomarkers such as col4a3, slc5a2, slc34a1, slc12a3, and slc4a1 in the glomeruli and proximal and distal tubules of db/db mice kidneys (98). Additionally, the Huangkui capsule counteracts tubular epithelial-to-mesenchymal transition (EMT) induced by NLRP3 inflammatory vesicle activation through the TLR4/NF-κB signaling pathway, thus contributing to the alleviation of renal fibrosis (99).




4.3.2 Other proprietary Chinese medicines

In addition to the Huangkui capsule, other proprietary Chinese herbal formulations have shown promise in mitigating renal injury through various mechanisms:

Suyin Detoxification Granule (100): This herbal granule plays a pivotal role in attenuating renal injury by inhibiting cellular pyroptosis and the epithelial-mesenchymal transition (EMT). Its mechanism involves the down-regulation of the MAVS/NLRP3 signaling pathway, highlighting a novel approach to modulating inflammatory processes in the kidney.

Yishen Capsule (101): Known for reducing microalbuminuria and alleviating pathological changes in DN rats, the Yishen Capsule targets the NOD-like receptor signaling pathway. By modulating this pathway, the capsule effectively addresses underlying mechanisms contributing to renal damage.

San-Huang-Yi-Shen Capsules (102): These capsules have been reported to promote PINK1/Parkin-mediated mitochondrial autophagy while inhibiting NLRP3 inflammatory vesicle activation. Such actions not only ameliorate mitochondrial injury but also curb the inflammatory response, offering a dual therapeutic benefit. (Table 3)


Table 3 | The molecular mechanism of proprietary Chinese Medicine regulating NLRP3 inflammasome in DN.



Collectively, these studies underscore the ability of traditional Chinese medicine to regulate NLRP3 vesicle activation and improve diabetic nephropathy outcomes through multiple pathways (Figure 2). The diverse mechanisms of action exhibited by these proprietary formulations reflect the comprehensive approach of traditional Chinese medicine in targeting the multifaceted nature of DN.




Figure 2 | Intervention of Chinese herbal medicine on NLRP3 inflammatory vesicles in diabetic nephropathy.








5 Summary and outlook

The NLRP3 inflammasome is a crucial component of the body’s innate immune system, with its activation mechanisms widely attributed to ion flux, mitochondrial reactive oxygen species (ROS), and lysosomal damage. Extensive research has established that the activation n of the NLRP3 inflammasome contributes significantly to renal inflammation, leading to renal impairment. This process is intimately linked with the progression of diabetic nephropathy (DN), influencing the disease through various pathways such as inflammatory responses, oxidative stress, autophagy, and exocytosis. Given the NLRP3 inflammasome’s central role in DN, strategies aimed at targeting the expression of NLRP3 or caspase-1 represent promising therapeutic avenues for managing this condition. The application of multi-target and multi-pathway interventions through Chinese herbs and extracts against NLRP3 inflammatory vesicle activation holds considerable promise in decelerating DN progression. However, the realization of their full potential necessitates further experimental and clinical research. Future studies should focus on identifying Chinese herbs capable of inhibiting NLRP3 inflammatory vesicle activation and elucidating their precise mechanisms of action. Such research endeavors will not only shed light on innovative treatment strategies but also aim to enhance the quality of life for patients suffering from DN.





Author contributions

JJ: Writing – original draft, Writing – review & editing. MZ: Conceptualization, Funding acquisition, Writing – review & editing.





Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article.This work was supported by the Technology Innovation Project of Chinese Academy of Traditional Chinese Medicine (CI2022E024XB).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Samsu, N. Diabetic nephropathy: challenges in pathogenesis, diagnosis, and treatment. BioMed Res Int. (2021) 2021:1497449. doi: 10.1155/2021/1497449

2. Tuttle, KR, Agarwal, R, Alpers, CE, Bakris, GL, Brosius, FC, Kolkhof, P, et al. Molecular mechanisms and therapeutic targets for diabetic kidney disease. Kidney Int. (2022) 102:248–60. doi: 10.1016/j.kint.2022.05.012

3. Chi, K, Geng, X, Liu, C, Cai, G, and Hong, Q. Research progress on the role of inflammasomes in kidney disease. Mediators Inflammation. (2020) 2020:8032797. doi: 10.1155/2020/8032797

4. He, Y, Hara, H, and Núñez, G. Mechanism and regulation of NLRP3 inflammasome activation. Trends Biochem Sci. (2016) 41:1012–21. doi: 10.1016/j.tibs.2016.09.002

5. Louvrier, C, Assrawi, E, El Khouri, E, Melki, I, Copin, B, Bourrat, E, et al. NLRP3-associated autoinflammatory diseases: phenotypic and molecular characteristics of germline versus somatic mutations. J Allergy Clin Immunol. (2020) 145:1254–61. doi: 10.1016/j.jaci.2019.11.035

6. XKelley, N, Jeltema, D, Duan, Y, and He, Y. The NLRP3 inflammasome: an overview of mechanisms of activation and regulation. Int J Mol Sci. (2019) 20:3328. doi: 10.3390/ijms20133328

7. Li, S, Wang, L, Xu, Z, Huang, Y, Xue, R, Yue, T, et al. ASC deglutathionylation is a checkpoint for NLRP3 inflammasome activation. J Exp Med. (2021) 218:e20202637. doi: 10.1084/jem.20202637

8. Li, Z, Guo, J, and Bi, L. Role of the NLRP3 inflammasome in autoimmune diseases. BioMed Pharmacother. (2020) 130:110542. doi: 10.1016/j.biopha.2020.110542

9. Anton-Pampols, P, Diaz-Requena, C, Martinez-Valenzuela, L, Gomez-Preciado, F, Fulladosa, X, Vidal-Alabro, A, et al. The role of inflammasomes in glomerulonephritis. Int J Mol Sci. (2022) 23:4208. doi: 10.3390/ijms23084208

10. Xu, Z, Chen, ZM, Wu, X, Zhang, L, Cao, Y, and Zhou, P. Distinct molecular mechanisms underlying potassium efflux for NLRP3 inflammasome activation. Front Immunol. (2020) 11:609441. doi: 10.3389/fimmu.2020.609441

11. Sho, T, and Xu, J. Role and mechanism of ROS scavengers in alleviating NLRP3-mediated inflammation. Biotechnol Appl Biochem. (2019) 66:4–13. doi: 10.1002/bab.1700

12. Zhao, M, Zhou, Y, Liu, S, Li, L, Chen, Y, Cheng, J, et al. Control release of mitochondria-targeted antioxidant by injectable self-assembling peptide hydrogel ameliorated persistent mitochondrial dysfunction and inflammation after acute kidney injury. Drug Deliv. (2018) 25:546–54. doi: 10.1080/10717544.2018.1440445

13. Zhen, Y, and Zhang, H. NLRP3 inflammasome and inflammatory bowel disease. Front Immunol. (2019) 10:276. doi: 10.3389/fimmu.2019.00276

14. Seoane, PI, Lee, B, Hoyle, C, Yu, S, Lopez-Castejon, G, Lowe, M, et al. The NLRP3-inflammasome as a sensor of organelle dysfunction. J Cell Biol. (2020) 219:e202006194. doi: 10.1083/jcb.202006194

15. Jo, EK, Kim, JK, Shin, DM, and Sasakawa, C. Molecular mechanisms regulating NLRP3 inflammasome activation. Cell Mol Immunol. (2016) 13:148–59. doi: 10.1038/cmi.2015.95

16. Hooftman, A, Angiari, S, Hester, S, Corcoran, SE, Runtsch, MC, Ling, C, et al. The immunomodulatory metabolite itaconate modifies NLRP3 and inhibits inflammasome activation. Cell Metab. (2020) 32:468–478.e7. doi: 10.1016/j.cmet.2020.07.016

17. Ge, Q, Chen, X, Zhao, Y, Mu, H, and Zhang, J. Modulatory mechanisms of NLRP3: Potential roles in inflammasome activation. Life Sci. (2021) 267:118918. doi: 10.1016/j.lfs.2020.118918

18. Kim, YG, Kim, SM, Kim, KP, Lee, SH, and Moon, JY. The role of inflammasome-dependent and inflammasome-independent NLRP3 in the kidney. Cells. (2019) 8:1389. doi: 10.3390/cells8111389

19. Fu, J, and Wu, H. Structural mechanisms of NLRP3 inflammasome assembly and activation. Annu Rev Immunol. (2023) 41:301–16. doi: 10.1146/annurev-immunol-081022-021207

20. Artlett, CM. The mechanism and regulation of the NLRP3 inflammasome during fibrosis. Biomolecules. (2022) 12:634. doi: 10.3390/biom12050634

21. Xu, S, Wang, D, Tan, L, and Lu, J. The role of NLRP3 inflammasome in type 2 inflammation related diseases. Autoimmunity. (2024) 57:2310269. doi: 10.1080/08916934.2024.2310269

22. Jin, Q, Liu, T, Qiao, Y, Liu, D, Yang, L, Mao, H, et al. Oxidative stress and inflammation in diabetic nephropathy: role of polyphenols. Front Immunol. (2023) 14:1185317. doi: 10.3389/fimmu.2023.1185317

23. Cookson, BT, and Brennan, MA. Pro-inflammatory programmed cell death. Trends Microbiol. (2001) 9:113–4. doi: 10.1016/S0966-842X(00)01936-3

24. Yang, M, Wang, X, Han, Y, Li, C, Wei, L, Yang, J, et al. Targeting the NLRP3 inflammasome in diabetic nephropathy. Curr Med Chem. (2021) 28:8810–24. doi: 10.2174/0929867328666210705153109

25. Zahid, A, Ismail, H, and Jin, T. Molecular and structural aspects of gasdermin family pores and insights into gasdermin-elicited programmed cell death. Biochem Soc Trans. (2021) 49:2697–710. doi: 10.1042/BST20210672

26. Zhang, C, Zhu, X, Li, L, Ma, T, Shi, M, Yang, Y, et al. A small molecule inhibitor MCC950 ameliorates kidney injury in diabetic nephropathy by inhibiting NLRP3 inflammasome activation. Diabetes Metab Syndr Obes. (2019) 12:1297–309. doi: 10.2147/DMSO

27. Wang, Y, Zhu, X, Yuan, S, Wen, S, Liu, X, Wang, C, et al. TLR4/NF-κB signaling induces GSDMD-related pyroptosis in tubular cells in diabetic kidney disease. Front Endocrinol (Lausanne). (2019) 10:603. doi: 10.3389/fendo.2019.00603

28. Wan, J, Jiang, Z, Liu, D, Pan, S, Zhou, S, and Liu, Z. Inhibition of the glycogen synthase kinase 3β-hypoxia-inducible factor 1α pathway alleviates NLRP3-mediated pyroptosis induced by high glucose in renal tubular epithelial cells. Exp Physiol. (2022) 107:1493–506. doi: 10.1113/EP090685

29. Li, Q, Zhang, K, Hou, L, Liao, J, Zhang, H, Han, Q, et al. Endoplasmic reticulum stress contributes to pyroptosis through NF-κB/NLRP3 pathway in diabetic nephropathy. Life Sci. (2023) 322:121656. doi: 10.1016/j.lfs.2023.121656

30. Tanase, DM, Gosav, EM, Anton, MI, Floria, M, Seritean Isac, PN, Hurjui, LL, et al. Oxidative stress and NRF2/KEAP1/ARE pathway in diabetic kidney disease (DKD): new perspectives. Biomolecules. (2022) 12:1227. doi: 10.3390/biom12091227

31. Zhang, Q, Hu, Y, Hu, JE, and Zhang, M. Solasonine alleviates high glucose-induced podocyte injury through increasing Nrf2-medicated inhibition of NLRP3 activation. Drug Dev Res. (2022) 83:1697–706. doi: 10.1002/ddr.21988

32. Wan, J, Liu, D, Pan, S, Zhou, S, and Liu, Z. NLRP3-mediated pyroptosis in diabetic nephropathy. Front Pharmacol. (2022) 13:998574. doi: 10.3389/fphar.2022.998574

33. Han, Y, Xu, X, Tang, C, Gao, P, Chen, X, Xiong, X, et al. Reactive oxygen species promote tubular injury in diabetic nephropathy: The role of the mitochondrial ros-txnip-nlrp3 biological axis. Redox Biol. (2018) 16:32–46. doi: 10.1016/j.redox.2018.02.013

34. Xiong, W, Meng, XF, and Zhang, C. NLRP3 inflammasome in metabolic-associated kidney diseases: an update. Front Immunol. (2021) 12:714340. doi: 10.3389/fimmu.2021.714340

35. Yoshibayashi, M, Kume, S, Yasuda-Yamahara, M, Yamahara, K, Takeda, N, Osawa, N, et al. Protective role of podocyte autophagy against glomerular endothelial dysfunction in diabetes. Biochem Biophys Res Commun. (2020) 525:319–25. doi: 10.1016/j.bbrc.2020.02.088

36. Han, YP, Liu, LJ, Yan, JL, Chen, MY, Meng, XF, Zhou, XR, et al. Autophagy and its therapeutic potential in diabetic nephropathy. Front Endocrinol (Lausanne). (2023) 14:1139444. doi: 10.3389/fendo.2023.1139444

37. Bhatia, D, and Choi, ME. Autophagy in kidney disease: advances and therapeutic potential. Prog Mol Biol Transl Sci. (2020) 172:107–33. doi: 10.1016/bs.pmbts.2020.01.008

38. Wang, MZ, Wang, J, Cao, DW, Tu, Y, Liu, BH, Yuan, CC, et al. Fucoidan alleviates renal fibrosis in diabetic kidney disease via inhibition of NLRP3 inflammasome-mediated podocyte pyroptosis. Front Pharmacol. (2022) 13:790937. doi: 10.3389/fphar.2022.790937

39. Hou, Y, Lin, S, Qiu, J, Sun, W, Dong, M, Xiang, Y, et al. NLRP3 inflammasome negatively regulates podocyte autophagy in diabetic nephropathy. Biochem Biophys Res Commun. (2020) 521:791–8. doi: 10.1016/j.bbrc.2019.10.194

40. Doyle, LM, and Wang, MZ. Overview of extracellular vesicles, their origin, composition, purpose, and methods for exosome isolation and analysis. Cells. (2019) 8:727. doi: 10.3390/cells8070727

41. Liu, Y, Li, X, Zhao, M, Wu, Y, Xu, Y, Li, X, et al. Macrophage-derived exosomes promote activation of NLRP3 inflammasome and autophagy deficiency of mesangial cells in diabetic nephropathy. Life Sci. (2023) 330:121991. doi: 10.1016/j.lfs.2023.121991

42. Zheng, S, Zhang, K, Zhang, Y, He, J, Ouyang, Y, Lang, R, et al. Human Umbilical Cord Mesenchymal Stem Cells Inhibit Pyroptosis of Renal Tubular Epithelial Cells through miR-342- 3p/Caspase1 Signaling Pathway in Diabetic Nephropathy. Stem Cells Int. (2023) 2023:5584894. doi: 10.1155/2023/5584894

43. Zhou, R, Guo, T, and Li, J. Research progress on the antitumor effects of astragaloside IV. Eur J Pharmacol. (2023) 938:175449. doi: 10.1016/j.ejphar.2022.175449

44. Gao, Y, Su, X, Xue, T, and Zhang, N. The beneficial effects of astragaloside IV on ameliorating diabetic kidney disease. BioMed Pharmacother. (2023) 163:114598. doi: 10.1016/j.biopha.2023.114598

45. Feng, H, Zhu, X, Tang, Y, Fu, S, Kong, B, and Liu, X. Astragaloside IV ameliorates diabetic nephropathy in db/db mice by inhibiting NLRP3 -inflammasomemediated inflammation. Int J Mol Med. (2021) 48:164. doi: 10.3892/ijmm

46. Zhang, M, Liu, W, Liu, Y, Zhang, Z, Hu, Y, Sun, D, et al. Astragaloside IV inhibited podocyte pyroptosis in diabetic kidney disease by regulating SIRT6/HIF-1α Axis. DNA Cell Biol. (2023) 42:594–607. doi: 10.1089/dna.2023.0102

47. He, J, Cui, J, Shi, Y, Wang, T, Xin, J, Li, Y, et al. Astragaloside IV attenuates high-glucose-induced impairment in diabetic nephropathy by increasing klotho expression via the NF-κB/NLRP3 axis. J Diabetes Res. (2023) 2023:7423661. doi: 10.1155/2023/7423661

48. Tong, L, Zhao, Q, Datan, E, Lin, GQ, Minn, I, Pomper, MG, et al. Triptolide: reflections on two decades of research and prospects for the future. Nat Prod Rep. (2021) 38:843–60. doi: 10.1039/D0NP00054J

49. Liu, P, Zhang, J, Wang, Y, Shen, Z, Wang, C, Chen, DQ, et al. The Active Compounds and Therapeutic Target of Tripterygium wilfordii Hook. f. in Attenuating Proteinuria in Diabetic Nephropathy: A Review. Front Med (Lausanne). (2021) 8:747922. doi: 10.3389/fmed.2021.747922

50. Wu, W, Liu, BH, Wan, YG, Sun, W, Liu, YL, Wang, WW, et al. Triptolide inhibits NLRP3 inflammasome activation and ameliorates podocyte epithelial-mesenchymal transition induced by high glucose. Zhongguo Zhong Yao Za Zhi. (2019) 44:5457–64. doi: 10.19540/j.cnki.cjcmm.20191114.401

51. Lv, C, Cheng, T, Zhang, B, Sun, K, and Lu, K. Triptolide protects against podocyte injury in diabetic nephropathy by activating the Nrf2/HO-1 pathway and inhibiting the NLRP3 inflammasome pathway. Ren Fail. (2023) 45:2165103. doi: 10.1080/0886022X.2023.2165103

52. Zhou, P, Xie, W, He, S, Sun, Y, Meng, X, Sun, G, et al. Ginsenoside Rb1 as an anti-diabetic agent and its underlying mechanism analysis. Cells. (2019) 8:204. doi: 10.3390/cells8030204

53. Song, W, Wei, L, Du, Y, Wang, Y, and Jiang, S. Protective effect of ginsenoside metabolite compound K against diabetic nephropathy by inhibiting NLRP3 inflammasome activation and NF-κB/p38 signaling pathway in high-fat diet/streptozotocin-induced diabetic mice. Int Immunopharmacol. (2018) 63:227–38. doi: 10.1016/j.intimp.2018.07.027

54. Wang, T, Gao, Y, Yue, R, Wang, X, Shi, Y, Xu, J, et al. Ginsenoside Rg1 Alleviates Podocyte Injury Induced by Hyperlipidemia via Targeting the mTOR/NF-κB/NLRP3 Axis. Evid Based Complement Alternat Med. (2020) 2020:2735714. doi: 10.1155/2020/2735714

55. Zhu, Y, Zhu, C, Yang, H, Deng, J, and Fan, D. Protective effect of ginsenoside Rg5 against kidney injury via inhibition of NLRP3 inflammasome activation and the MAPK signaling pathway in high-fat diet/streptozotocin-induced diabetic mice. Pharmacol Res. (2020) 155:104746. doi: 10.1016/j.phrs.2020.104746

56. Shi, Y, Wang, H, Zheng, M, Xu, W, Yang, Y, and Shi, F. Ginsenoside Rg3 suppresses the NLRP3 inflammasome activation through inhibition of its assembly. . FASEB J. (2020) 34:208–21. doi: 10.1096/fj.201901537R

57. Li, N, Li, L, Wu, H, and Zhou, H. Antioxidative property and molecular mechanisms underlying geniposide-mediated therapeutic effects in diabetes mellitus and cardiovascular disease. Oxid Med Cell Longev. (2019) 2019:7480512. doi: 10.1155/2019/7480512

58. Hu, X, Zhang, X, Jin, G, Shi, Z, Sun, W, and Chen, F. Geniposide reduces development of streptozotocin-induced diabetic nephropathy via regulating nuclear factor-kappa B signaling pathways. Fundam Clin Pharmacol. (2017) 31:54–63. doi: 10.1111/fcp.12231

59. Li, F, Chen, Y, Li, Y, Huang, M, and Zhao, W. Geniposide alleviates diabetic nephropathy of mice through AMPK/SIRT1/NF-κB pathway. Eur J Pharmacol. (2020) 886:173449. doi: 10.1016/j.ejphar.2020.173449

60. Zhang, L, Jing, M, and Liu, Q. Crocin alleviates the inflammation and oxidative stress responses associated with diabetic nephropathy in rats via NLRP3 inflammasomes. Life Sci. (2021) 278:119542. doi: 10.1016/j.lfs.2021.119542

61. Feng, X, Sureda, A, Jafari, S, Memariani, Z, Tewari, D, Annunziata, G, et al. Berberine in cardiovascular and metabolic diseases: from mechanisms to therapeutics. Theranostics. (2019) 9:1923–51. doi: 10.7150/thno.30787

62. Ni, WJ, Zhou, H, Ding, HH, and Tang, LQ. Berberine ameliorates renal impairment and inhibits podocyte dysfunction by targeting the phosphatidylinositol 3- kinase-protein kinase B pathway in diabetic rats. J Diabetes Investig. (2020) 11:297–306. doi: 10.1111/jdi.13119

63. Zhu, L, Han, J, Yuan, R, Xue, L, and Pang, W. Berberine ameliorates diabetic nephropathy by inhibiting TLR4/NF-κB pathway. Biol Res. (2018) 51:9. doi: 10.1186/s40659-018-0157-8

64. Zhang, B, Zhang, X, Zhang, C, Sun, G, and Sun, X. Berberine Improves the Protective Effects of Metformin on Diabetic Nephropathy in db/db Mice through Trib1- dependent Inhibiting Inflammation. Pharm Res. (2021) 38:1807–20. doi: 10.1007/s11095-021-03104-x

65. Liu, Z, Nan, P, Gong, Y, Tian, L, Zheng, Y, and Wu, Z. Endoplasmic reticulum stress-triggered ferroptosis via the XBP1-Hrd1-Nrf2 pathway induces EMT progression in diabetic nephropathy. BioMed Pharmacother. (2023) 164:114897. doi: 10.1016/j.biopha.2023.114897

66. Du, L, Chen, Y, Shi, J, Yu, X, Zhou, J, Wang, X, et al. Inhibition of S100A8/A9 ameliorates renal interstitial fibrosis in diabetic nephropathy. Metabolism. (2023) 144:155376. doi: 10.1016/j.metabol.2022.155376

67. Ma, Z, Zhu, L, Wang, S, Guo, X, Sun, B, Wang, Q, et al. Berberine protects diabetic nephropathy by suppressing epithelial-to-mesenchymal transition involving the inactivation of the NLRP3 inflammasome. Ren Fail. (2022) 44:923–32. doi: 10.1080/0886022X.2022.2079525

68. Ding, B, Geng, S, Hou, X, Ma, X, Xu, H, Yang, F, et al. Berberine reduces renal cell pyroptosis in golden hamsters with diabetic nephropathy through the Nrf2-NLRP3-caspase-1 -GSDMD pathway. Evid Based Complement Alternat Med. (2021) 2021:5545193. doi: 10.1155/2021/5545193

69. Adelusi, TI, Du, L, Hao, M, Zhou, X, Xuan, Q, Apu, C, et al. Keap1/Nrf2/ARE signaling unfolds therapeutic targets for redox imbalanced-mediated diseases and diabetic nephropathy. BioMed Pharmacother. (2020) 123:109732. doi: 10.1016/j.biopha.2019.109732

70. Li, G, Liu, C, Yang, L, Feng, L, Zhang, S, An, J, et al. Syringaresinol protects against diabetic nephropathy by inhibiting pyroptosis via NRF2-mediated antioxidant pathway. Cell Biol Toxicol. (2023) 39:621–39. doi: 10.1007/s10565-023-09790-0

71. Luo, T, Zhou, X, Qin, M, Lin, Y, Lin, J, Chen, G, et al. Corilagin restrains NLRP3 inflammasome activation and pyroptosis through the ROS/TXNIP/NLRP3 pathway to prevent inflammation. Oxid Med Cell Longev. (2022) 2022:1652244. doi: 10.1155/2022/1652244

72. Wu, Q, Guan, YB, Zhang, KJ, Li, L, and Zhou, Y. Tanshinone IIA mediates protection from diabetes kidney disease by inhibiting oxidative stress induced pyroptosis. J Ethnopharmacol. (2023) 316:116667. doi: 10.1016/j.jep.2023.116667

73. Wang, S, Zhao, X, Yang, S, Chen, B, and Shi, J. Salidroside alleviates high glucose-induced oxidative stress and extracellular matrix accumulation in rat glomerular mesangial cells by the TXNIP-NLRP3 inflammasome pathway. Chem Biol Interact. (2017) 278:48–53. doi: 10.1016/j.cbi.2017.10.012

74. Yosri, H, El-Kashef, DH, El-Sherbiny, M, Said, E, and Salem, HA. Calycosin modulates NLRP3 and TXNIP-mediated pyroptotic signaling and attenuates diabetic nephropathy progression in diabetic rats; An insight. BioMed Pharmacother. (2022) 155:113758. doi: 10.1016/j.biopha.2022.113758

75. Liu, W, Liang, L, Zhang, Q, Li, Y, Yan, S, Tang, T, et al. Effects of andrographolide on renal tubulointersticial injury and fibrosis. Evidence its Mech action. Phytomedicine. (2021) 91:153650. doi: 10.1016/j.phymed.2021.153650

76. Sun, L, Ding, M, Chen, F, Zhu, D, and Xie, X. Breviscapine alleviates podocyte injury by inhibiting NF-κB/NLRP3-mediated pyroptosis in diabetic nephropathy. PeerJ. (2023) 11:e14826. doi: 10.7717/peerj.14826

77. Lu, M, Yin, N, Liu, W, Cui, X, Chen, S, and Wang, E. Curcumin ameliorates diabetic nephropathy by suppressing NLRP3 inflammasome signaling. . BioMed Res Int. (2017) 2017:1516985. doi: 10.1155/2017/1516985

78. Tian, J, Jin, D, Bao, Q, Ding, Q, Zhang, H, Gao, Z, et al. Evidence and potential mechanisms of traditional Chinese medicine for the treatment of type 2 diabetes: a systematic review and meta-analysis. Diabetes Obes Metab. (2019) 21:1801–16. doi: 10.1111/dom.13760

79. Tang, G, Li, S, Zhang, C, Chen, H, Wang, N, and Feng, Y. Clinical efficacies, underlying mechanisms and molecular targets of Chinese medicines for diabetic nephropathy treatment and management. Acta Pharm Sin B. (2021) 11:2749–67. doi: 10.1016/j.apsb.2020.12.020

80. Zhang, Q, Liu, X, Sullivan, MA, Shi, C, and Deng, B. Protective Effect of Yi Shen Pai Du Formula against Diabetic Kidney Injury via Inhibition of Oxidative Stress, Inflammation, and Epithelial-to-Mesenchymal Transition in db/db Mice. Oxid Med Cell Longev. (2021) 2021:7958021. doi: 10.1155/2021/7958021

81. Tian, F, Yi, X, Yang, F, Chen, Y, Zhu, W, Liu, P, et al. Research progress on the treatment of diabetic nephropathy with leech and its active ingredients. Front Endocrinol (Lausanne). (2024) 15:1296843. doi: 10.3389/fendo.2024.1296843

82. Lin, Q, Long, C, Wang, Z, Wang, R, Shi, W, Qiu, J, et al. Hirudin, a thrombin inhibitor, attenuates TGF-β-induced fibrosis in renal proximal tubular epithelial cells by inhibition of protease-activated receptor 1 expression via S1P/S1PR2/S1PR3 signaling. Exp Ther Med. (2022) 23:3. doi: 10.3892/etm.2021.10924

83. Guo, X, Okpara, ES, Hu, W, Yan, C, Wang, Y, Liang, Q, et al. Interactive relationships between intestinal flora and bile acids. Int J Mol Sci. (2022) 23:8343. doi: 10.3390/ijms23158343

84. Chen, Y, Zhou, J, and Wang, L. Role and mechanism of gut microbiota in human disease. Front Cell Infect Microbiol. (2021) 11:625913. doi: 10.3389/fcimb.2021.625913

85. Yang, G, Wei, J, Liu, P, Zhang, Q, Tian, Y, Hou, G, et al. Role of the gut microbiota in type 2 diabetes and related diseases. Metabolism. (2021) 117:154712. doi: 10.1016/j.metabol.2021.154712

86. Zhang, Y, and Jian, W. Signal pathways and intestinal flora through trimethylamine N-oxide in alzheimer's disease. Curr Protein Pept Sci. (2023) 24:721–36. doi: 10.2174/1389203724666230717125406

87. Liu, XJ, Hu, XK, Yang, H, Gui, LM, Cai, ZX, Qi, MS, et al. A review of traditional Chinese medicine on treatment of diabetic nephropathy and the involved mechanisms. Am J Chin Med. (2022) 50:1739–79. doi: 10.1142/S0192415X22500744

88. Yi, ZY, Peng, YJ, Hui, BP, Liu, Z, Lin, QX, Zhao, D, et al. Zuogui-Jiangtang-Yishen decoction prevents diabetic kidney disease: Intervene pyroptosis induced by trimethylamine n-oxide through the mROS-NLRP3 axis. Phytomedicine. (2023) 114:154775. doi: 10.1016/j.phymed.2023.154775

89. Li, S, Rao, XR, Dai, XW, Pei, K, Wang, L, Huo, BM, et al. Beneficial effects of Fu-Zheng-Qu-Zhuo oral liquid combined with standard integrated therapy in patients with chronic kidney disease (stage 3-4): a randomized placebo-controlled clinical trial. Med (Baltimore). (2017) 96:e7448. doi: 10.1097/MD.0000000000007448

90. Wang, XJ, Rao, XR, Li, S, Wang, L, Liu, C, Zhang, GH, et al. Effect of Huanshuai Recipe Oral Liquid ([characters: see text]) on renal dysfunction progression in patients with atherosclerotic renal artery stenosis. Chin J Integr Med. (2015) 21:811–6. doi: 10.1007/s11655-015-2046-0

91. Liu, T, Lu, X, Gao, W, Zhai, Y, Li, H, Li, S, et al. Cardioprotection effect of Yiqi-Huoxue-Jiangzhuo formula in a chronic kidney disease mouse model associated with gut microbiota modulation and NLRP3 inflammasome inhibition. BioMed Pharmacother. (2022) 152:113159. doi: 10.1016/j.biopha.2022.113159

92. Jia, Q, Zhang, X, Hao, G, Zhao, Y, Lowe, S, Han, L, et al. Tongluo yishen decoction ameliorates renal fibrosis via NLRP3-mediated pyroptosis in vivo and in vitro. Front Pharmacol. (2022) 13:936853. doi: 10.3389/fphar.2022.936853

93. Zhang, L, Li, P, Xing, CY, Zhao, JY, He, YN, Wang, JQ, et al. Efficacy and safety of Abelmoschus manihot for primary glomerular disease: a prospective, multicenter randomized controlled clinical trial. controlled clinical trial. . Am J Kidney Dis. (2014) 64:57–65. doi: 10.1053/j.ajkd.2014.01.431

94. Lai, X, Liang, H, Zhao, Y, and Wang, B. Simultaneous determination of seven active flavonols in the flowers of Abelmoschus manihot by HPLC. J Chromatogr Sci. (2009) 47:206–10. doi: 10.1093/chromsci/47.3.206

95. Li, J, Zhang, J, and Wang, M. Extraction of flavonoids from the flowers of abelmoschus manihot (L.) medic by modified supercritical CO₂ Extraction and determination of antioxidant and anti-adipogenic activity. Molecules. (2016) 21:810. doi: 10.3390/molecules21070810

96. Wang, W, Wu, QH, Sui, Y, Wang, Y, and Qiu, X. Rutin protects endothelial dysfunction by disturbing Nox4 and ROS-sensitive NLRP3 inflammasome. BioMed Pharmacother. (2017) 86:32–40. doi: 10.1016/j.biopha.2016.11.134

97. Li, W, He, W, Xia, P, Sun, W, Shi, M, Zhou, Y, et al. Total Extracts of Abelmoschus manihot L. Attenuates Adriamycin-Induced Renal Tubule Injury via Suppression of ROS-ERK1/2- Mediated NLRP3 Inflammasome Activation. Front Pharmacol. (2019) 10:567. doi: 10.3389/fphar.2019.00567

98. Yu, H, Wang, M, Yu, J, Tang, H, Xu, Q, Cheng, N, et al. Evaluation of the efficacy of Abelmoschus manihot (L.) on diabetic nephropathy by analyzing biomarkers in the glomeruli and proximal and distal convoluted tubules of the kidneys. Front Pharmacol. (2023) 14:1215996. doi: 10.3389/fphar.2023.1215996

99. Han, W, Ma, Q, Liu, Y, Wu, W, Tu, Y, Huang, L, et al. Huangkui capsule alleviates renal tubular epithelial-mesenchymal transition in diabetic nephropathy via inhibiting NLRP3 inflammasome activation and TLR4/NF-κB signaling. Phytomedicine. (2019) 57:203–14. doi: 10.1016/j.phymed.2018.12.021

100. Zhu, Y, Huang, G, Yang, Y, Yong, C, Yu, X, Wang, G, et al. Chinese herbal medicine suyin detoxification granule inhibits pyroptosis and epithelial-mesenchymal transition by downregulating MAVS/NLRP3 to alleviate renal injury. J Inflammation Res. (2021) 14:6601–18. doi: 10.2147/JIR.S341598

101. Zhang, Z, Hu, Y, Liu, W, Zhang, X, Wang, R, Li, H, et al. Yishen capsule alleviated symptoms of diabetic nephropathy via NOD-like receptor signaling pathway. Diabetes Metab Syndr Obes. (2022) 15:2183–95. doi: 10.2147/DMSO.S368867

102. Li, H, Wang, Y, Su, X, Wang, Q, Zhang, S, Sun, W, et al. San-huang-yi-shen capsule ameliorates diabetic kidney disease through inducing PINK1/parkin-mediated mitophagy and inhibiting the activation of NLRP3 signaling pathway. J Diabetes Res. (2022) 2022:2640209. doi: 10.1155/2022/2640209




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

Copyright © 2024 Jin and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Exploring the role of NLRP3 inflammasome in diabetic nephropathy and the advancements in herbal therapeutics

      

        		

          1 Introduction

        



        		

          2 Overview of NLRP3 inflammasome

        



        		

          3 Role of NLRP3 inflammatory vesicles in diabetic nephropathy

        

          		

            3.1 Mediation of cellular pyroptosis

          



          		

            3.2 Involvement in oxidative stress

          



          		

            3.3 Regulation of podocyte autophagy

          



          		

            3.4 NLRP3 and exosomes

          



        



        



        		

          4 Intervention of Chinese herbal medicine on NLRP3 inflammatory vesicles in diabetic nephropathy

        

          		

            4.1 Traditional Chinese medicine monomers

          

            		

              4.1.1 Astragaloside IV

            



            		

              4.1.2 Triptolide

            



            		

              4.1.3 Ginsenosides

            



            		

              4.1.4 Geniposide

            



            		

              4.1.5 Berberine

            



            		

              4.1.6 Other herbal monomers

            



          



          



          		

            4.2 Chinese medicine compound prescription

          



          		

            4.3 Proprietary Chinese medicines

          

            		

              4.3.1 Huangkui capsule

            



            		

              4.3.2 Other proprietary Chinese medicines

            



          



          



        



        



        		

          5 Summary and outlook

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2024.1397301_cover.jpg
& frontiers | Frontiers in Endocrinology

Exploring the role of NLRP3 inflammasome
in diabetic nephropathy and the
advancements in herbal therapeutics





OEBPS/Images/table2.jpg
Chines
Herbal Compound

Yi Shen Pai D
Formula (YSPDF)

Yigi Huosue Jiangzhuo
Formula (YHJF)

Tongluo Vishen
Decocton (TLYS)

Model

i mice
K2 cels

oK s

K2 cels

7RG mice

vuo

NRKS2E clls

once daiy

OdmgimL. YSPDF

261199 gy 14 ZGITYS
26:M99 ghg 14
26149 ghg 1d

155 ZGITYS drug serum
High-dose
pr
mediom-dose 113 g
osedoses9 gl
089100 g) TLYS

high,midle and low doses of TLYS were
S0/, 200g/ml and 100/l

s oxidtive stes, inflammation,  (50)
and EMIT, potentily through activaton
of the Nef2 pathssy

Inbibis activaton ofpyroptosis by gt (85)

derved TMAO via the mROS-NLRP3 ais
o prevent DKD

Inbibits NLRP3 inflammssome act

on

Exers enoprotective ffscts by inbiiting | (92)
NLRPS.medised pyroptosis






OEBPS/Images/fendo-15-1397301-g002.jpg
s — | nat,





OEBPS/Images/table3.jpg
Proprietary Mechanism Reference

Chinese

Medicine
Huanghui Capsule e SD rats 2gkgiday HKC Ibibits NLRPS vesicle va TLRINF- )
XB pathays
Suyin male D rats igh-dose SDG group(10 gkgid | Tnhibits cllolarpyroptoss and ENIT by o0y
Detoxication SDG), ow-dose roup(s e/ dowreguating the MAVS/NLRPS
Granle 4sp6) signaling pathuay
HK-2 el osedose: 5 . SDP: mdiom-dose:
10,91 highdose: 20 g
‘ishen Capsule male D rats 125 ghg/d Vihen espsie Targets the NOD-Iike rceptor sgnalng pathway  (101)
San-Huang-Xi- male D rats ov-dos: O 1g/kg SHYS. Activates PINKI/Parkin-mediated mitochondrial | (102)
Shen Capses high-dose: 1629 SHYS autophagy:

Ibibits NLRPS inflammatory vesice activation





OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-15-1397301-g001.jpg





OEBPS/Images/table1.jpg
R

poe=h





