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Editorial on the Research Topic 


Community series in targeting signalling pathways in inflammatory diseases, volume II


The Toll-interleukin-1 Receptor (TIR) domain-containing adaptor protein (TIRAP) is a critical intracellular facilitator in immune surveillance that coordinates different signaling pathways. Its utility as a bridging entity, and its versatility in binding with diverse components of Toll-like Receptor (TLR) pathway, has been the subject of several investigations (1). During signal transmission, TIRAP undergoes distinct binding mechanisms and conformational changes leading to differential binding with various intracellular mediators thereby contributing to diverse effects in immunological responses. Among its notable interactions, TIRAP engages with proteins such as MyD88, TRAF6, and IRAK-2, facilitating downstream activation of NF-κB and AP-1 (2). Hence, a convoluted mesh of protein-protein interactions forms the foundation of TIRAP signaling, which is regulated through its TIR domain (2) (Figure 1A).
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Figure 1 | (A) Interaction of the TIR domain of TIRAP with various proteins involved in TLR-mediated signaling. (B) Strategies for inhibiting the TIR domain of TIRAP, including small molecules, combination therapies, and peptide-based approaches. (C) Diagrammatic representation showing inhibition of TIR domain interactions between TIRAP and BTK or PKCδ through targeted small molecules, combination treatments, or peptides.

Signaling pathways governed by TIR-domain containing proteins have emerged as a key target for the development of anti-inflammatory therapeutic strategies (3). Dimerization is a central phenomenon required for the functionality of most TIR domains, that span over 200 amino acids and harbor a 14 residues BB loop motif. TIR-mediated signaling mainly relies on the function of the conserved BB loop responsible for signal complex assembly and stabilization (4). TIRAP is a 221 amino acid long protein, which is structured into two main domains namely an N-terminal phosphatidylinositol 4,5-bisphosphate (PIP2) binding domain (PBD) and a C-terminal Toll/interleukin-1 receptor (TIR) domain. TIRAP’s positioning is mediated by Phosphatidylinositol 4-Phosphate 5-Kinase α (PIP5Kα), which generates PIP2, a crucial lipid that serves as a docking site for TIRAP (5, 6). TIRAP’s TIR domain displays structural differences in contrast to the canonic TIR domains. It comprises an extended AB loop that links αA and αB that are developed due to the absence of αB helix classically situated between βB and βC strands (3). These unique structural characteristics of TIRAP have significant implications for immune signaling, as they influence its interactions with other signaling molecules. Consequently, strategies that target and modulate TIRAP-mediated signaling pathways hold promise for the treatment of diseases associated with dysregulated TIR-driven inflammatory responses (3, 7). For example, aberrant TIRAP signaling has been implicated in the pathogenesis of rheumatoid arthritis, where it contributes to destructive inflammation by promoting cytokine production and immune cell activation within affected joints (9).

Mechanistically, TIRAP is known to be activated via a post-translation modification i.e. phosphorylation by kinases namely BTK and PKCδ. Expanding TIR domain targeting through small molecules binding key residues, dual-molecule strategies, or peptide inhibitors spanning the domain, can enhance TIRAP inhibition and disrupt inflammatory signaling (Figure 1B). Previously, Rajpoot et al. explored the TIRAP-PKCδ axis and successfully repurposed an FDA approved compound, Dorzolamide (DZD), targeting the interface residues of PKCδ on TIRAP thereby dampening the downstream inflammatory signaling (8). Though DZD attenuated the PKCδ mediated TIRAP activation, BTK-mediated phosphorylation remains an area to explore.

Recently, Baig et al. proposed a combination therapeutic approach for TIRAP-mediated chronic inflammatory septic condition. They addressed two unique aspects of sepsis progression—the destruction of bacteria and the restoration of damaged organs through homeostasis by developing a novel combination of the broad-spectrum antibiotic Levofloxacin and the repurposed anti-inflammatory medication Dorzolamide (LeDoz) (10). Unlike individual drugs that target a single kinase binding site, we discovered that Levofloxacin and DZD interacted with a section inside the binding groove (19 residues) on the TIRAP TIR domain essential for its interaction with not only PKCδ but also with BTK, which are responsible for its activation (10).

Various such alternative modalities have been investigated to silence TIRAP signaling. In one study, molecular-docking and dynamics simulations predicted that the plant alkaloid Narciclasine binds with high affinity to the TIRAP TIR domain as well as other LPS–TLR4-pathway proteins, stabilizing the complexes and thereby suppressing pro-inflammatory signaling (11). In another investigation, Phycocyanin treatment up-regulated miR-3150a-3p, miR-6883-3p and miR-627-5p, which led to depleted TIRAP transcripts and reduced cellular proliferation, thereby establishing a post-transcriptional checkpoint on adaptor availability (12). Interestingly, one study demonstrated that synthetic decoy peptides derived from the TIRAP TIR domain competitively interrupted TIRAP–MyD88 recruitment, abolishing downstream NF-κB activation and highlighting the value of peptide-based blockade of adaptor–adaptor contacts (13). Collectively, these observations indicate that small molecules and miRNA inducers curtail TIRAP through binding or expression control, whereas peptide modalities can potentially better dismantle the protein-interaction surfaces essential for signal propagation. Based on these insights, a therapeutic peptide has been proposed which targets the entire binding pocket in the TIR domain, dampening TIRAP homo-dimerization required for its functionality. THPdb (Therapeutic Peptides and Proteins Database) was screened against the TIRAP TIR domain, identifying a top candidate peptide. Following it's optimization, the peptide exhibited strong binding to TIRAP, interacting with residues 152–193, including the dimerization pocket. Additionally, its binding outside conventional pockets induced structural conformational changes, enhancing its inhibitory effect on TIRAP.

These findings highlight the potential of targeting this domain of TIRAP using small molecules, dual-molecule strategies, or peptide inhibitors as promising approaches to inhibit TIRAP function and disrupt downstream inflammatory signaling pathways. (Figure 1C). These strategies could pave the way for novel treatments for chronic inflammatory diseases, providing both structural insights and targeted interventions.
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Introduction

Osteoarthritis (OA) is associated with excessive cartilage degradation, inflammation, and decreased autophagy. Insufficient efficacy of conventional monotherapies and poor tissue regeneration due to side effects are just some of the unresolved issues. Our previous research has shown that Calebin A (CA), a component of turmeric (Curcuma longa), has pronounced anti-inflammatory and anti-oxidative effects by modulating various cell signaling pathways. Whether CA protects chondrocytes from degradation and apoptosis in the OA environment (EN), particularly via the autophagy signaling pathway, is however completely unclear.





Methods

To study the anti-degradative and anti-apoptotic effects of CA in an inflamed joint, an in vitro model of OA-EN was created and treated with antisense oligonucleotides targeting NF-κB (ASO-NF-κB), and IκB kinase (IKK) inhibitor (BMS-345541) or the autophagy inhibitor 3-methyladenine (3-MA) and/or CA to affect chondrocyte proliferation, degradation, apoptosis, and autophagy. The mechanisms underlying the CA effects were investigated by MTT assays, immunofluorescence, transmission electron microscopy, and Western blot analysis in a 3D-OA high-density culture model.





Results

In contrast to OA-EN or TNF-α-EN, a treatment with CA protects chondrocytes from stress-induced defects by inhibiting apoptosis, matrix degradation, and signaling pathways associated with inflammation (NF-κB, MMP9) or autophagy-repression (mTOR/PI3K/Akt), while promoting the expression of matrix compounds (collagen II, cartilage specific proteoglycans), transcription factor Sox9, and autophagy-associated proteins (Beclin-1, LC3). However, the preventive properties of CA in OA-EN could be partially abrogated by the autophagy inhibitor 3-MA.





Discussion

The present results reveal for the first time that CA is able to ameliorate the progression of OA by modulating autophagy pathway, inhibiting inflammation and apoptosis in chondrocytes, suggesting that CA may be a novel therapeutic compound for OA.
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1 Introduction

Osteoarthritis (OA) represents the most common joint disease worldwide that affects an average of 18% of adults whereby the prevalence expands with increasing age and from 65 years onwards approximately half of the women and one-third of the men suffer from it (1). A degenerative, chronically progressive cartilage damage, accompanied by pain and functional limitations in the course, is the main issue of the disease, which may occur in any joint. Four stages are distinguished radiologically according to Kellgren–Lawrence classification from doubtful (I) to severe (IV) (2), and clinically, there are different courses such as silent, activated, or deformed. While a silent stage brings about minor problems for the patient, an activated stage results in metabolic abnormalities in articular cartilage, associated with inflammation, calcification, and destruction (3). Moreover, at the deformed stage, the articular cartilage has already disappeared in places, generating bone and tendon changes leading to joint deformities (4).

Based on the causes that trigger OA, there are primary forms by genetic predisposition as well as advanced age and secondary forms by joint dysplasia, overload, obesity, alcoholism, or metabolic disorders (5), all of which generate inflammatory events. In vitro and in vivo studies validated the cytokine, tumor necrosis factor (TNF)-α, as multifunctional key player in the pathophysiology of joint diseases such as OA, since its promotion of numerous further cytokines and enzymes activates an almost unstoppable pro-inflammatory cycle (6). Especially for the osteoarthritic synovial microenvironment, a TNF-α-forced induction of the main pro-inflammatory transcription factor, nuclear factor kappa-light-chain-enhancer of activated B-cells (NF-κB) is known (7). Persistent inflammation can quickly escalate to apoptosis in the naturally bradytrophic cartilage tissue due to its low maintenance capacity, and early defense mechanisms are necessary to stabilize cartilage homeostasis.

A crucial process here is autophagy, which breaks down dysfunctional and thus cartilage-damaging cell organelles or proteins. As part of the autophagy, joint cartilage cells activate a health-preserving and regenerative option by reducing inflammation and preventing apoptosis (8, 9). Thereby, both foreign substances and cell components to be degraded, such as discarded organelles, are taken up by autophagy and then referred to as the autophagosome. As a next step, for the purpose of dismantling, the autophagosome fuses with lysosomes and thus forms autolysosomes (10). These activities of autophagic processes are regulated by chondrocyte’s metabolism sensor, mammalian target of rapamycin’ (mTOR) (11) with linked mTOR/PI3K/Akt signaling cascade (12), and determined by a high expression of corresponding Beclin-1 and LC3-II markers in differentiated cartilage cells (9). If this protective mechanism takes effect too late or not sufficiently, apoptosis as an irreversible initiation of cell death with the consequence of OA that requires treatment results. Non-pharmacological, pharmacological, or surgical approaches are available as OA-therapeutic possibilities offering more or less satisfactory results (5). Therefore due to their lack of side effects, a supportive co-treatment with phytopharmaceuticals such as the proven grape-derived resveratrol (13, 14) or curcumin from Curcuma longa (13, 15) gains importance.

Calebin A (CA), another little-known but highly effective polyphenolic ingredient of Curcuma longa, was first isolated approximately 20 years ago (16). The cornerstone for researching its medical potential was laid by demonstrating its safe use in animal experiments, where a study on Wistar rats was carried out without any sign of toxicity despite administration of 20, 50, or 100 mg CA/kg/body weight for 3 months (17). Contrarily, an extensive health-protecting effect of this natural compound gradually crystallizes (18), and after the first demonstration of CA’s neuroprotective (16) and metabolism-modulating (19) action, a broad-based cancer-inhibiting effect was also proven. For example, the phytopharmacon suppresses growth and proliferation of gastric (20) or colorectal cancer (21, 22) cells. The inhibition of inflammatory cascades involving NF-κB and the associated interruption of disease intensification are considered to be the central mechanism of action here (22, 23).

Research into CA’s influence on the musculoskeletal system is just beginning, and at least there are first findings of CA-induced bone stabilization through downregulation of RANKL signaling suppressing osteoclastogenesis (24). Tendons close to the joint could also benefit preventively or therapeutically from a CA-associated inhibition of inflammatory NF-κB cascade as recently demonstrated by 3D in vitro investigations (25). To summarize, to the best of our knowledge, the effectiveness of CA has not been previously studied in relation to OA and certainly not the associated chondroprotective autophagy processes.

Considering the above, the aim of these studies was to determine whether CA could be able to modulate both inflammatory and autophagic processes in chondrocytes that are exposed to an osteoarthritis environment (OA-EN). Therefore, all experiments were performed in multicellular 3D-culture models in vitro simulating a lifelike inflamed joint situation.




2 Materials and methods 


2.1 Antibodies and chemical substances

As part of our experiments, the following antibodies were used: Beclin-1 (#3738) and LC3-II (#4108) from Cell Signaling Technology (Danvers, MA, USA); NF-κB (#MAB5078), MMP-9 (#MAB911), and caspase-3 (#AF835) from R&D Systems (Heidelberg, Germany); Sox9 (#TA802387) from OriGene Technologies (Herford, Germany); β-actin (#A4700), collagen type II (#AB761), and CSPG (#MAB5384-I) from Sigma-Aldrich (Taufkirchen, Germany); PI3K (#ab154598), Akt (#ab38449), and mTOR (#ab109268) from Abcam (Berlin, Germany); secondary immunofluorescence antibodies from Dianova (Hamburg, Germany); and secondary Western blot antibodies from EMD Millipore (Schwalbach, Germany). Furthermore, TNF-α was from R&D Systems (Heidelberg, Germany), 3-methyladenine (3-MA) from VWR International (Ismaning, Germany), and Epon from Plano (Marburg, Germany). BMS-345541, Fluoromount, DAPI, and MTT reagent were from Sigma-Aldrich (Taufkirchen, Germany). CA from Sabinsa Corporation (East Windsor, NJ, USA) was prepared as 5,000 µM stock in dimethyl-sulfoxide (DMSO) solution. The experimental concentrations were further diluted in cell culture medium without exceeding a DMSO concentration of 0.1%.




2.2 Origin and cultivation of the cells

Primary canine chondrocytes (PCHs) were isolated from cartilage samples obtained intraoperatively during joint procedures. Both the permission of the ethical committee of Ludwig-Maximilians-Universität (Munich, Germany) and the agreement of fully informed dog owner had preceded this. Fibroblasts (MRC-5) were obtained from the European Collection of Cell Cultures (Salisbury, UK), and T-lymphocytes (Jurkat) were purchased at Leibniz Institute (Braunschweig, Germany). PCH and MRC-5 grew as monolayer, while Jurkat were non-adherent cells. All cell lines were cultured in T175 cell culture flasks at 37°C and 5% CO2 until 70% confluency in cell culture medium containing 10% fetal bovine serum (FBS). Then, they were washed in cell culture medium containing 3% FBS (serum-starved) three times and used for experiments, all of which were done in serum-starved cell culture medium.

Dulbecco’s medium/Ham’s F-12 from Seromed (Munich, Germany) was enriched with 3% or 10% FBS and further supplemented with glutamine, penicillin/streptomycin, ascorbic acid, essential amino acids (1% each), and 0.5% amphotericin B.




2.3 Transient transfection

PCH were transiently transfected with antisense/sense (ASO/SO) oligonucleotides (phosphorothioate-specific) from Eurofins MWG Operon (Ebersberg, Germany). The incubation ratio was 0.5 µM ASO/SO with 10 µl/ml Lipofectin from Invitrogen (Karlsruhe, Germany). Specifically, 5′-gGAGATGCGCACTGTCCCTGGTC-3′ (ASO) corresponded to p65/NF-κB mRNA subunit, and 5′-gACCAGGGACAGTGCGCATCTC-3′ (SO) served as control substance, as described in the past (26).




2.4 Osteoarthritis environment

To simulate an osteoarthritic joint situation in vitro, we constructed a multicellular OA-EN in 3D (Figure 1). In this context, three types of cells were combined, with PCH represented the cartilage tissue of the articular surface, MRC-5 fibroblasts represented an intact connective tissue, and Jurkat T-lymphocytes ensured the OA-associated inflammatory reaction. Therefore, PCH were cultivated as high density (HD) or coverglass culture in well plates. Additionally, fibroblasts (0.01 Mio./ml medium) were grown as monolayer on the bottom of the well plates, and Jurkat T-cells (0.01 Mio./ml medium) floated in cell culture medium suspension. The effectiveness of Jurkat cells to promote a pro-inflammatory intercellular cross-talk has been provided by a TNF-α-stimulated control (TNF-α-EN), based on previous comparisons with similar cytokines (27). The OA-EN was used in two cultivation variants for the present experiments.
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Figure 1 | Osteoarthritis (OA) high-density (HD) environment (EN) culture model. The OA-EN was installed in well plates, where each well was equipped with a steelnet bridge and an overlying filter. Fibroblasts grew as monolayer on the bottom of the well and T-lymphocytes floated in the cell culture medium. This cell culture medium was filled up to the medium/air interface and enriched with additives such as Calebin A, 3-methyladenine (3-MA), BMS-345541 or NF-κB-SO/ASO. Chondrocytes were applied as HD culture on each filter.



2.4.1 High-density culture

HD cultures were established in well plates containing a small steelnet bridge with a filter placed on top it as shown in Figure 1 and as already used and described in detail (28, 29). The cell culture medium was filled up to the height of the filter. To start an experiment, PCH were passaged and centrifuged three times in order to obtain a liquid-free pellet. Afterwards, colonies of 2 Mio. PCH were applied to each filter (Figure 1) using a pipette, incubated with different treatments, and the pellets grown at the medium/air interface were evaluated. When the effect of an OA-EN was examined, a fibroblast monolayer was seeded on the bottom, and the cell culture medium was enriched with T-lymphocytes as previously described.




2.4.2 Coverglass culture

For coverglass cultures, PCH (5,000 cells/coverglass) were seeded on small, round coverglasses as published in the past (15). After 24 h, the coverglasses were placed on small stellnet bridges in well plates. To initiate an OA-EN, fibroblasts were grown on the bottom and T-lymphocytes floated in suspension with cell culture medium as described before. The treatments were added for 4 h, and then, the coverglasses were fixed with methanol before they were frozen at −20°C.





2.5 Immunofluorescence

For immunofluorescence investigation, PCH on coverglass cultures were processed as described earlier (15). After defrosting, the PCH on coverglasses were washed with Triton solution (0.5%) and bovine serum albumin (1%) in Hank’s salt solution and incubated overnight with a primary antibody (1:80 diluted) at 4°C in a humidity chamber. One day later, the coverglasses were incubated with a secondary antibody (rhodamine-coupled, 1:100 diluted) for 2 h and stained with DAPI for 15 min to distinguish between viable and apoptotic PCH. Lastly, an embedding in Fluoromount and evaluation with a DM2000 microscope from Leica (Wetzlar, Germany) was carried out. Thereby, 400–500 PCH from 15 microscopic areas were counted and evaluated.




2.6 MTT assay

To compare the effect of various treatments on the viability of PCH, a MTT assay was chosen. Therefore, PCH were HD cultured, and after 3 days, the cell pellet was detached from the filter and washed in Hank’s salt solution for three times to ensure that only PCH were evaluated. Next, the PCH-pellet was dissolved in sodium citrate solution (55 mM) and centrifuged and resuspended in MTT medium (with 3% FBS, without phenol red/vitamin C). Then, as explained earlier (15, 30), 100 µl of this suspension and 10 µl of MTT solution were pipetted into each well of a 96-well plate. After 3 h, the reaction was stopped by addition of 100 µl MTT solubilization solution each, and the optical density (OD) at 550 nm was evaluated with an ELISA reader from Bio-Rad (Munich, Germany).




2.7 Transmission electron microscopy

Ultrastructural analysis was carried out by transmission electron microscopy (TEM) as described before (22, 30). In short, PCH were grown in HD cultures, and the cell pellet was removed from the filter after 3 days. The cells were washed for three times in Hank’s salt solution to rule out contaminations with other cell types. Thereafter, a fixation in osmium tetroxide for 2 h, an alcohol-induced dehydration, and an embedding in Epon were done. The resulting grids were cut with an Ultracut E from Reichert-Jung (Darmstadt, Germany) and uranyl-acetate/lead-citrate contrasted before evaluated by a TEM 10 microscope from Zeiss (Jena, Germany). To quantify the number of apoptotic cells, 250 cells from 20 different microscopic areas were counted.




2.8 Western blot

To generate Western blot samples, PCH were cultured as HD cultures, and after 7–10 days, the cell pellets were removed. Ensuring pure PCH samples, the cells were washed in Hank’s salt solution for three times. The following procedure was as previously described (15, 22). First, the cells were treated with lysis buffer and centrifuged at 4°C and 10,000 rpm for 30 min. Then, their supernatants were frozen (−80°C) overnight and prepared with an Interchim Protein Quantification Kit (Montlucon Cedex, France) and 2-mercaptoethanol the next day. SDS-PAGE Western blottings were carried out with a BIO-RAD transblot apparatus (Munich, Germany). Therefore, sample-stocked nitrocellulose membranes from Fisher Scientific (Schwerte, Germany) were incubated in blocking buffer for 2 h, then incubated in primary antibodies (1:10,000 diluted) overnight, and finally incubated in secondary antibodies (1:10,000 diluted) for 1.5 h. For densitometric evaluation, QUANTITY ONE program from BIO-RAD (Munich, Germany) was used.




2.9 Statistics

All experiments including their evaluations were carried out three times, and the data presented in the figures represent their average results. In this relation, all data were evaluated by Student’s t-test and post-hoc ANOVA with SPSS software from IBM (Ehningen, Germany). After determination of percentage effects and 95% confidence intervals, p-values <0.05 were considered as statistically significant.





3 Results

In this study, we designed a multicellular pro-inflammatory high-density and vivo-mimicking osteoarthritic environment (OA-EN) to investigate the effect of CA focused on inflammation and autophagy signaling on the suppression of OA-EN cross-talk (Figure 1).



3.1 Calebin A, similar to a specific IKK inhibitor or a specific ASO against NF-κB, suppresses the downregulation of chondrocyte viability triggered by OA-EN, but not in the presence of an autophagy-inhibitor, as shown by the MTT assay

Given the established anti-inflammatory effect of the phytopharmaceutical across diseases, PCH were cultured in 3D-HD settings as basal control, in a pro-inflammatory (TNF-α-EN or OA-EN) or in an autophagy-inhibited (3-MA) microenvironment and observed with or without the addition of CA. Furthermore, the role of inflammation in OA-EN was measured by blocking NF-κB using transient transfection (NF-κB-ASO) or specific IKK inhibitor (BMS-345541). The viability of chondrocytes exposed to these different conditions was then assessed and statistically compared using the MTT assay (Figure 2).
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Figure 2 | Impact of Calebin A (CA) on inflammation-triggered chondrocytes (PCH). PCH were high-density cultured as inflammation-free basal control (Basal Co.), TNF-α environment (TNF-α-EN), or osteoarthritis environment (OA-EN) and treated without additives or with supplementation of 1 µM, 5 µM, or 10 µM CA; 10 mM 3-methyladenine (3-MA); 0.5 µM NF-κB-SO/ASO; or 5 µM BMS-345541 as demonstrated on the x-axis. MTT measuring at 550 nm optical density represented PCH cell viability as shown on the y-axis. The values were given as mean ± SD, n = 3. *p < 0.05; **p < 0.01; ***p < 0.001 were classified as statistically significant.

First, it became apparent that a CA treatment (5 µM) in an inflammation-free medium increased the number of viable PCH by more than half compared to the untreated, basal control, but this was abrogated after suppression of autophagy. After treatment of the basal control with 10 mM 3-MA, only 38% of viable PCH were measured. The contrast were even greater in the CA-treated basal control, where only 10% of viable chondrocytes was detectable through the addition of 3-MA (Figure 2).

In the next step, an inflammatory environment was created using the pro-inflammatory cytokine TNF-α. In this TNF-α-EN, 47% fewer PCH survived the treatment period than in the basal control. However, an addition of 5 µM CA to the TNF-α-EN resulted in more than a doubling of the number of viable cells. Here, too, the inhibition of autophagy had a significant effect, as the addition of 3-MA (10 mM) resulted in the survival of 51% of the PCH compared to the TNF-α control. In the CA-treated TNF-α-EN, even only 11% of the chondrocytes remained viable in the autophagy-downregulated situation (Figure 2). Subsequently, the OA-EN containing fibroblasts and T-lymphocytes was established for viability determination as described in Material and methods. Probably due to its strong inflammatory effect, 60% fewer cells remained viable in the OA-EN than in the basal control. Interestingly, a CA supplementation led to a concentration-dependent enhancement of PCH viability. While a treatment with 1 µM CA resulted in an increase of 27%, a dose of 5 µM CA led to almost a tripling of viability. At long last, an enrichment of OA-EN with 10 µM CA still slightly exceeded this (Figure 2), so that we determined 5 µM CA as the optimal experimental concentration.

In order to include the self-repair capacity, chondrocytes in the OA-EN were furthermore treated with 10 mM 3-MA, acting as an autophagy inhibitor. The inhibition of autophagy resulted in a significant loss of 40% PCH viability compared to OA-EN control, and a CA supplementation failed to prevent this (Figure 2). This became visible by a detailed examination of the CA-treated OA-EN because after the addition of 3-MA, only 9% viable PCH were found in comparison to the 3-MA-free CA-OA-EN.

Finally, the role of inflammation in OA development was illuminated. When the OA-EN was treated with the transfection control substance NF-κB-SO (0.5 µM), the PCH viability was comparable to the OA-EN control. However, when the main inflammatory transcription factor NF-κB was eliminated by transient transfection with NF-κB-ASO (0.5µM), the number of viable cells more than doubled, and this was confirmed by NF-κB blocking with the specific inhibitor BMS-345541 (Figure 2).

All considered, inflammatory processes and the associated downregulation of autophagy limited PCH viability, while a CA treatment was able to reverse these processes and thus promote the PCH viability. These results indicate that inhibition of inflammation and concomitant promotion of autophagy may be one of the key mechanisms of CA as anti-OA agent.




3.2 Calebin A promoted OA-EN-inhibited autophagic protein expression and protected chondrocytes from apoptosis, but not in the presence of an autophagy-inhibitor, as shown by immunofluorescence

As a bradytrophic tissue, articular cartilage relies on self-repair mechanisms. Autophagic processes are particularly important in this respect, and for this reason, the next step was to investigate whether CA influences this early alert system in OA. Therefore, PCH were grown in coverglass cultures without or with OA-EN and treated without or with CA and/or 3-MA. Afterwards, the immunocytochemical localization of autophagy marker Beclin-1 (Figure 3, upper row) and the viability-indicating DAPI staining (Figure 3, middle row) were evaluated by immunofluorescence microscopy, both individually and as a merge view (Figure 3, lower row).
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Figure 3 | Impact of Calebin A (CA) on immunocytochemical localization of Beclin-1 in chondrocytes (PCH). PCH were incubated as basal control (Ba.CO) or osteoarthritis environment (OA-EN) as coverglass cultures and left treatment free or treated with 5 µM CA with or without 10 mM 3-methyladenine (3-MA). Immunofluorescence investigation was carried out after labeling with anti-Beclin-1 antibody (upper row, red), staining with DAPI (middle row, blue), and their merging (lower row, red and blue). A scale bar corresponds to 30 µm. The statistic chart includes x-axis (treatments) and y-axis (apoptosis rate in %). The values were given as mean ± SD, n = 3. **p < 0.01, ***p < 0.001 were classified as statistically significant.

In the inflammation-free basal control, PCH showed a moderate but even Beclin-1 labeling with strong-adhesion pseudopodia and marginally detectable apoptosis. The apoptosis rate remained low when CA was added to the basal control, but the autophagy-indicating labeling changed, as numerous strongly marked punctate autophagic vesicles were now manifested here (Figure 3).

An initiation of the multicellular OA-EN led to a significantly different result, as hardly any stabilizing pseudopodia were visible. In addition, 40% of apoptotic PCH were found, representing cell death, which was particularly outstanding in the merge view. Interestingly, a CA supplementation of OA-EN led to an 80% suppression of this apoptosis, the rate of which almost reached the initial value of the basal control. Moreover, numerous strongly Beclin-1 marked vesicles and a distinct pseudopodia-rich autophagic phenotype become obvious. In order to ensure that the observed CA-induced effects aimed on PCH autophagy, these self-protection processes were switched off using the autophagy-blocker 3-MA, with the result of a very high apoptosis rate (80%) and a non-significant effect of CA treatment (Figure 3).

Overall, these results show that inflammatory processes in PCH limit autophagy activity, leading to a predominance of apoptosis. However, CA treatment reduces inflammation, promotes autophagy, and suppresses apoptosis, resulting in a PCH-promoting equilibrium under OA conditions.




3.3 Calebin A abolishes OA-EN-induced apoptosis, degradation of chondrocytes and promotes autophagosomes, as shown by transmission electron microscopy

To assess the suspected interplay of autophagy and apoptosis in detail at the ultrastructural level, HD-PCH cultures were maintained without (basal control) or with (TNF-α-EN/OA-EN) inflammatory conditions and with/without the addition of CA. The evaluation of chondrocyte’s ultrastructure was then carried out by TEM (Figure 4).
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Figure 4 | Impact of Calebin A (CA) on chondrocyte (PCH) ultrastructure focusing autophagy-apoptosis interplay. PCH were high density (HD) cultured without inflammation (basal control, Ba.Co., A, B), in TNF-α environment (TNF-α-EN, C, D), or in osteoarthritis environment (OA-EN, E–H). The cultures were left treatment-free or treated with 1, 5, or 10µM CA and thereafter investigated by transmission electron microscope (TEM). Marking: CH, chondrocyte; M, matrix; arrow, autophagic vesicle/autophagosome/autolysosome; star, mitochondrial changes/apoptosis. Magnification: (A–H) ×5,000; scale bar = 1 μM. Insets: ×15,000. The statistic diagram (I) shows different treatments (x-axis) and the rate of mitochondrial changes (MC) and apoptosis in % (y-axis). The values were given as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001 were classified as statistically significant.

The observation of the basal control revealed intact PCH with a smooth surface embedded in a well-organized extracellular matrix (ECM), few autophagic vesicles, and rare apoptosis (Figure 4A). With a constant low cell death rate, an addition of 5 µM CA to the basal control led to a marked formation of stable, pseudopodia-rich PCH containing numerous autophagosomes and autolysosomes (Figure 4B). In contrast, the PCH in TNF-α-EN were deformed due to inflammation and had an extraordinarily high number of 78% of cells with mitochondrial changes or even apoptotic bodies (Figure 4C). Interestingly, the PCH morphology significantly changed through a 5 µM CA supplementation to the TNF-α-EN, as apoptosis rate was drastically reduced to 13%, and the cells resumed their vesicle and pseudopodia-rich shape with a marked augmentation in the number of autophagosomes and autolysosomes (Figure 4D).

A similar sight of destroyed PCH as in treatment-free TNF-α-EN was also to be seen in treatment-free OA-EN. Here, the cells lost their stable form, and more than 80% of them were mitochondrially changed or apoptotic (Figure 4E). An addition of CA to the OA-EN affected concentration dependence, as while the apoptosis rate persisted at 65% during treatment of 1 µM CA, it was reduced considerably to 14% by 5 µM CA. Now, the morphology corresponded to the basal control treated with 5 µM CA and the TNF-α-EN treated with the same concentration (Figures 4F-H). Therefore, and because a higher dosage of 10 µM CA clearly resulted in higher autophagosome and autolysosome formation than the basal control, 5 µM CA was confirmed as the optimal concentration for our PCH studies. Altogether, the inflammatory environment prevented autophagy and simultaneously induced apoptosis in chondrocytes and a degradation of the ECM. The natural polyphenol CA was able to modulate the interplay of autophagy and apoptosis and stabilized chondrocytes and ECM synthesis by at least promoting autophagy and suppressing inflammation, mitochondrial changes, and apoptosis.




3.4 Calebin A maintains the functionality of chondrocytes and protects them from pathological processes in OA-EN, but not in the presence of an autophagy inhibitor

After noticing large possibilities of CA for autophagy modulation, we wanted to clarify these detailed effects on molecular processes in chondrocytes. Therefore, PCH were HD cultivated as basal control or in OA-EN, where OA-EN was carried out as control or treated with 5 µM CA, 10 mM 3-MA, or a combination of both and the subsequent evaluation occurred by Western blotting.

First, an indication of the PCH viability was provided by examination of their essential ECM components collagen type II (Coll II) and chondroitin sulfate proteoglycan (CSPG). Compared to basal control, both parameters decreased due to the cultivation of the chondrocytes in OA-EN. However, an addition of CA led to a significant increase in Coll II and CSPG, so that their expression was not only higher than in treatment-free OA-EN but also significantly stronger than in the basal control. Interestingly, an inhibition of autophagic pathways by 3-MA ensured low levels of Coll II and CSPG, and this was not reversible by CA supplementation (Figure 5A). Furthermore, the chondrogenic transcription factor Sox9 was very impressively influenced in the same way because its solid expression found in the basal control was massively downregulated by OA-EN-induced inflammation. A treatment of PCH with CA interrupted this tendency and upregulated Sox9 at a value exceeding that of the basal control. Also for this parameter, a suppression of autophagy via 3-MA addition leads to a decline in expression, which could not be reversed by CA (Figure 5A).
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Figure 5 | Impact of Calebin A (CA) on the physiological and pathological protein expression in chondrocytes (PCH). x-axis: PCH from high density (HD) cultures grew as basal control or in osteoarthritis environment (OA-EN) without treatment or with an addition of 5 µM CA, 10 mM 3-MA, or both combined. y-axis: Western blotting was evaluated taking densitometric units into account with, related to OA-EN control, *p<0.05 and **p<0.01  (n = 3). (A) The protein expression of extracellular matrix (ECM; collagen type II, CSPG) and chondrocyte-specific transcription factor (Sox9) was investigated. (B) Then, the levels of inflammation (p-NF-κB-p65), cell degradation (MMP-9), and apoptosis (cleaved-caspase-3) were examined. (A+B) β-actin was used as housekeeping control.

Next, inflammation marker p-NF-κB-p65, cell-degradation-associated MMP-9, and apoptosis indicator cleaved-caspase-3, representing possible pathological signaling processes in chondrocytes, were considered in a differentiated manner. As expected, the expression of phosphorylated and thereby activated inflammatory p-NF-κB-p65 was significantly expanded by OA-EN in contrast to the basal control. A CA treatment of OA-EN suppressed this inflammation markedly, confirming CA’s extensive anti-inflammatory impact, whereas the addition of autophagy-hampering 3-MA entailed an increase in p-NF-κB-p65 that was not annullable by CA (Figure 5B). In line with this, the inflammation-accompanying degradation and degradation-resulting apoptosis also reproduced this dynamic tendency. Both parameters were significantly forced in OA-EN and downregulated due to CA supplementation, but not in the presence of 3-MA (Figure 5B).

All in all, these findings summarize a physiology-restricting and pathology-promoting influence of the osteoarthritic environment but confirm CA’s PCH-supporting possibilities, which are noticeable, among other things, through the modulation of ECM components, integral transcription factors, inflammatory cascades, and the induction of cell degradation and apoptosis.




3.5 Calebin A disrupts the impaired expression of autophagy-specific markers and autophagy-inhibitory signaling pathways regulated by OA-EN in chondrocytes, but not in the presence of an autophagy inhibitor

To finally confirm the results described, the Western blot evaluation was profoundly investigated. For this reason, the samples explained in the previous subchapter were immunoblotted with antibodies against autophagy-related marker proteins and signaling molecules associated with autophagy pathways in chondrocytes (Figure 6).
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Figure 6 | Impact of Calebin A (CA) on the expression of autophagy-specific markers and autophagy-associated signaling pathways in chondrocytes (PCH). x-axis: high-density (HD) cultured PCH were treated as basal control or in osteoarthritis environment (OA-EN) without supplementation or with of 5 µM CA, 10 mM 3-MA, or a combination thereof. y-axis: densitometric units of Western blots were evaluated with *p<0.05 and **p<0.01, (n = 3) compared to OA-EN control. The protein expression of autophagy-specific parameters (A, Beclin-1, LC3-II) and signaling pathways (B, Akt, PI3K, mTOR) was demonstrated, and β-actin (A, B) served as housekeeping control.

Concerning this matter, the known autophagic benchmarks Beclin-1 and LC3-II were found to be clearly expressed in PCH from basal control and comparatively downregulated in the OA-EN. Then, very interesting and never shown before, a CA supplementation of PCH lead to a significant upregulation of both autophagy parameters despite OA-EN. In the following, PCH treated with the autophagy-inhibitor 3-MA showed a marginal expression of both, Beclin-1 and LC3-II, regardless of whether CA has been added to OA-EN or not. These findings confirmed the specificity of 3-MA as an anti-autophagy protein on the one hand and demonstrated the dependence of CA’s effect on intact autophagy mechanisms in PCH on the other hand (Figure 6A).

At long last, the investigation of mTOR, PI3K, and Akt proteins completed the experiments, as their axis is known to be induced by inflammatory processes and to prevent autophagy in chondrocytes as a consequence thereof. All three proteins were found in small quantities in the basal control but, as expected, highly concentrated in PCH after OA-EN cultivation. This overexpression of mTOR, PI3K, and Akt could be mitigated by CA addition to the inflamed chondrocytes. However, if the PCH were treated with 3-MA, the chondrocytes lacked a physiological counterpart and the inflammatory processes dominated, which was reflected in an increased level of the mTOR/PI3K/Akt cascade and could not be reversed by CA (Figure 6B).

In summary, these Western blot evaluations confirm the inflammation promotion and autophagy suppression of OA-EN but underline the importance of autophagy signaling pathways in CA’s physiology-regulating effects in chondrocytes.





4 Discussion

OA is a widespread disease in society as a whole (1), which leads to progressive, irreversible, and only symptomatically treatable limitations in the everyday lives of affected people (5). It would therefore be important from both an economic and a patient perspective to reduce or at least limit the OA-induced joint damages. Against this background of a great need for the further development of preventive or therapeutic strategies, complementary treatment options involving natural phytopharmaceuticals such as grape-ingredient resveratrol (13, 14) or turmeric-derived curcumin (15, 31) are discussed. As CA, a fairly novel turmeric component, shows more and more a wide-ranging potential against divers health issues (18, 23), we wanted to examine its suitability in this respect. Therefore, multicellular culture models were established, and CA’s influences on OA-EN (Figure 1) stressed chondrocytes were observed with a special focus on autophagic self-repair processes. On this occasion, the present investigations revealed following key facts: OA-EN (I) promotes inflammation, degradation, and apoptosis in PCH and (II) reduces viability and autophagy in PCH. However, CA (III) represses inflammation, pathological tendencies, and apoptosis in PCH and, in parallel, (IV) strengthens chondrocyte’s ECM, viability, physiological processes, (V) enhances their autophagic self-repair capacities, and (VI) exerts its chondroprotective abilities largely via regulation of autophagy.

After the implementation of OA-EN, we found that this multicellular setting had comparable effects to the TNF-α-EN on cell viability (Figure 2) and ultrastructure (Figure 4) and that an addition of CA had very similar effects in both environments. This was based on the background knowledge that the cytokine TNF-α has been known for many years as a pro-inflammatory product of T-lymphocytes and monocytes (32). As a result, it has a significant share in spreading harmful inflammation in various tissues including cartilage, where TNF-α destroys the organization of chondrocyte’s matrix (15, 33), and serves as a relevant target for natural substances. In sum, these observations pointed out the inflammatory characteristics of OA-EN confirming earlier in vitro results from analogical co-culture models (27, 34) and the clinical situation of inflamed OA joints (35). As a result of the chronic inflammation, OA patients develop dysfunctional, degraded, and thus apoptotic chondrocytes (36), which, interestingly, we were able to simulate with our OA-EN culture (Figures 4, 5). Moreover, beyond this clinically known scenario, the present findings demonstrated a clear inflammation-associated limitation of autophagic self-repair processes in chondrocytes (Figures 3, 6). Altogether, joint inflammations result in massively destructive properties that needs to be interrupted.

Based on the observed pathological effects of OA-EN on PCH, the next step was to specifically investigate the influence of the natural polyphenol CA on these cells. In this context, chondrocytes grown without an inflammatory environment (basal control) were left untreated or supplemented with CA, and a comparison with each other showed not only a non-toxicity of CA toward chondrocytes but, on the contrary, a viability promotion (Figure 2), autophagy support (Figures 3, 4), and even apoptosis repression (Figures 3, 4) turned out. These properties are obvious similar to a known chondrocyte stabilization by the structurally related turmeric component curcumin of which, by long-term research, a regulation of inflammatory, autophagic, and apoptotic signaling pathways were identified (15, 37). Interestingly, CA maintained its valuable anti-degenerative (MMP-9) and anti-apoptotic (caspase-3) features despite an initiation of OA-EN resulting in a significant anti-inflammatory (NF-κB) capacity (Figures 4, 5B). A comparative and confirmatory prevention of inflammation of the phytotherapeutic in other constellations, for example, in the tumor microenvironment of cancer cells (22, 23, 38) or tumor-associated bone loss (24), underlines its modulatory potential to restore cell homeostasis and promote the natural physiology of healthy tissue.

A further important balancing mechanism for cartilage tissue is the perpetuation of an intact ECM, which consists of collagen, elastins, and proteoglycans (39), and, due to its high water binding, has both a protective and nutritional function (40). As an advantage, our results pointed to CA’s support of Coll II, CSPG, and thus ECM synthesis and the expression of cartilage-specific transcription factor Sox9 (Figure 5A), suggesting a holistic, broad-based positive influence on PCH despite an OA-promoting environment.

When considering CA’s modulation of chondrocyte signaling, we noticed the regulation of autophagy as a crucial interface between physiology and pathology. Autophagy represents an evolutionarily conserved intracellular homeostatic mechanism, ensuring the survival of cells such as chondrocytes by initiating the disposal of damaged cell organelles, microorganisms, and from which new energy is derived (41). These self-repair processes are particularly important against the development or spread of OA-induced joint alterations (42). The modulation of mTOR/Akt/PI3K pathway thereby acts as a key regulator related to autophagic processes in chondrocytes, and in recent studies, phytochemicals demonstrated their potential for influencing this signaling. Curcumin, for example, is able to avert cytokine-stimulated cartilage degradation by inhibiting mTOR/Akt/PI3K signals and accompanying promotion of collagen production and suppression of MMP expression (43). Moreover, isorhynchophylline, used in traditional Chinese medicine, impedes osteoarticular and chondrogenic inflammation by the upregulation of autophagic Beclin-1 and LC3-II proteins and a simultaneous downregulation of the mTOR/Akt/PI3K signaling pathway (44). Consistent with these findings, our results showed a clear CA-related promotion of autophagosomes, autolysosomes (Figure 4), and autophagy-specific molecular markers (Beclin-1, LC3-II), and an undoubted suppression of mTOR/Akt/PI3K pathway (Figure 6) in PCH with an assumed increase in their self-repair and thus OA-defense capacity. Moreover, a much more far-reaching fact was revealed: all the cartilage-promoting effects described so far could only be observed to a very weak extent in the presence of the autophagy-inhibitor 3-MA (Figures 2, 3, 5), which seems to make the modulation of autophagic processes a central mechanism of CA’s holistic chondroprotection. These insights gained into the influence of CA on chondrocytes are completely new, as to the best of our knowledge, this has never been studied before. It remains undisputed that this research work offers a very first basis, which would have to be deepened by further detailed projects. In order to be able to assess the transferability of the in vitro results to processes in human joints, the tolerability and bioavailability of CA must first be clarified. In this respect, a non-toxicity observed even at high doses in experiments with rats (17) appears to be motivating. The bioavailability of curcumin could serve as an indication here, which, for many years, was considered to be low, but can now be significantly increased through special purification and new formulations that lead to improved intestinal absorption (45). Overall, the credibility of our new results was strengthened not only by repeated experiments but also by other phytotherapeutics with noticeable anti-OA properties, for example, extracted from Luzula sylvatica (46), Olea europaea (40), Uncaria rhynchophylla (44), Boswellia serrata, Curcuma longa, or Tamarindus indica (47). Therefore, an establishment of plant-based supplements for OA prevention or co-therapy could represent an approach worth pursuing. Finally, it cannot be ruled out that the phytotherapeutic agent CA could close a treatment gap, since the multicellular cross-talk, which has been successfully modulated in the present results, is currently considered to have hidden therapeutic potential (48), especially with regard to the regenerative and OA-averting ability of cartilage.




5 Conclusion

Contemplating an increasing human life expectancy and growing OA prevalences, the need for cost-effective, abundant, and well-tolerated therapeutic options remains undisputed. Within the present study, the natural polyphenol CA demonstrated for the first time a significant upregulation of autophagosomes, autolysosomes, Beclin-1, LC3-II, Coll II, CSPG, and Sox9, and simultaneous downregulation of NF-κB, MMP-9, caspase-3, and mTOR/PI3K/Akt pathway in chondrocytes. Thereby, the control of autophagic signals crystallized as one of the key mechanisms in its multitarging, anti-inflammatory, anti-degrading, and apoptosis-preventing effects in PCH. All summarized, CA seems to be a suitable co-therapeutic agent for the prevention or treatment of OA and more in-depth research in this area, especially on a clinical level, in the future would be welcome.
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Background

Differences in border zone contribute to different outcomes post-infarction, such as left ventricular aneurysm (LVA) and myocardial infarction (MI). LVA usually forms within 24 h of the onset of MI and may cause heart rupture; however, LVA surgery is best performed 3 months after MI. Few studies have investigated the LVA model, the differences in border zones between LVA and MI, and the mechanism in the border zone.





Methods

The LVA, MI, and SHAM mouse models were used. Echocardiography, Masson’s trichrome staining, and immunofluorescence staining were performed, and RNA sequencing of the border zone was conducted. The adipocyte-conditioned medium-treated hypoxic macrophage cell line and LVA and MI mouse models were employed to determine the effects of the hub gene, adiponectin (ADPN), on macrophages. Quantitative polymerase chain reaction (qPCR), Western blot analysis, transmission electron microscopy, and chromatin immunoprecipitation (ChIP) assays were conducted to elucidate the mechanism in the border zone. Human subepicardial adipose tissue and blood samples were collected to validate the effects of ADPN.





Results

A novel, simple, consistent, and low-cost LVA mouse model was constructed. LVA caused a greater reduction in contractile functions than MI owing to reduced wall thickness and edema in the border zone. ADPN impeded cardiac edema and promoted lymphangiogenesis by increasing macrophage infiltration post-infarction. Adipocyte-derived ADPN promoted M2 polarization and sustained mitochondrial quality via the ADPN/AdipoR2/HMGB1 axis. Mechanistically, ADPN impeded macrophage HMGB1 inflammation and decreased interleukin-6 (IL6) and HMGB1 secretion. The secretion of IL6 and HMGB1 increased ADPN expression via STAT3 and the co-transcription factor, YAP, in adipocytes. Based on ChIP and Dual-Glo luciferase experiments, STAT3 promoted ADPN transcription by binding to its promoter in adipocytes. In vivo, ADPN promoted lymphangiogenesis and decreased myocardial injury after MI. These phenotypes were rescued by macrophage depletion or HMGB1 knockdown in macrophages. Supplying adipocytes overexpressing STAT3 decreased collagen disposition, increased lymphangiogenesis, and impaired myocardial injury. However, these effects were rescued after HMGB1 knockdown in macrophages. Overall, the IL6/ADPN/HMGB1 axis was validated using human subepicardial tissue and blood samples. This axis could serve as an independent factor in overweight MI patients who need coronary artery bypass grafting (CABG) treatment.





Conclusion

The IL6/ADPN/HMGB1 loop between adipocytes and macrophages in the border zone contributes to different clinical outcomes post-infarction. Thus, targeting the IL6/ADPN/HMGB1 loop may be a novel therapeutic approach for cardiac lymphatic regulation and reduction of cell senescence post-infarction.





Keywords: myocardial infarction, adiponectin, macrophage, IL6, lymph-angiogenesis, LNP-MertK




1 Introduction

Coronary artery disease (CAD) is currently responsible for one in every seven all-cause-related deaths (1). Myocardial injury induced by myocardial infarction (MI) or ischemia/reperfusion (I/R), including percutaneous coronary intervention (PCI), can result in a lower left ventricular ejection fraction (LVEF) and induce life-threatening symptoms, such as severe thrombosis, malignant arrhythmia, and cardiac rupture (2, 3).

Left ventricular aneurysm (LVA), one of the most severe MI complications, usually results in a significantly lower LVEF and can induce life-threatening symptoms, such as malignant arrhythmia and cardiac rupture (4). If a paradoxical movement occurs in an apical aneurysm, heart functions, including LVEF and arrhythmia, are exacerbated (5). Acute ventricular aneurysms usually form within 24 h after the onset of MI and may induce heart rupture; however, LVA surgery is best performed 3 months after MI because the incidence of surgical death is higher within 3 months and waiting enables improved ventricular wall myocardial function and scar formation of the infarcted myocardium (4, 5). Border zone differences contribute to different outcomes post-infarction owing to the stretch force resulting from unstable hemodynamic homeostasis, such as LVA and MI (5). Few studies have focused on the effects of border zones on LVA formation and MI progression. Therefore, the LVA model and efficient treatments to prevent LVA formation should be urgently evaluated.

Adipose tissue regulates granulopoiesis and cardiac functions post-infarction (6, 7). The adipokine, adiponectin, inhibits LPS-induced HMGB1 release in RAW264.7 macrophages (8) and regulates FXR agonism-mediated cardioprotection against post-infarction remodeling and dysfunction (9). Re-activation of the epicardium resulted in cardiac remodeling after myocardial injury via paracrine secretion. Adipose tissues in the epicardium and sub-epicardium also increased de novo vessel formation in the peri-infarct zone near the epicardium or the “epicardial border zone,” which may be a novel therapeutic approach for cardiac lymphatic regulation (10, 11).

In the present study, we constructed a simple, consistent, and low-cost LVA mouse model. Differences in the border zone between the MI and LVA groups were investigated, and RNA sequencing of the border zone from the LVA, MI, and SHAM groups was performed. Finally, the effects of the hub gene, adiponectin (ADPN), were explored in cell lines and mouse models.




2 Methods



2.1 Cell source and processing

The HL-1, 3T3-L1, and RAW264.7 cell lines were purchased from the Chinese Academy of Medical Sciences and were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% (v/v) fetal bovine serum (FBS) in a 37°C, 5% CO2 incubator before the experiment.

Adipocyte differentiation was induced as previously described (12). The cells were cultured in 6-well plates (5×105 cells per well) and transfected. The expression of ADPN or STAT3 in adipocytes was knocked down using 9 μL of lipo2000 (11668-019, Invitrogen), 50 nM of the appropriate siRNA 3 μL [siADPN pool (mmu-ADPN-1, mmu-ADPN-2, and mmu-ADPN-3; RIBIBIO, China) or siSTAT3 pool (mmu-STAT3-1, mmu-STAT3-2, and mmu-STAT3-3; RIBIBIO, China)], and 250 μL of OptiMEM (31985-070, Gibco) per well. STAT3 was overexpressed in adipocytes using lipo2000, STAT3 plasmid (RIBIBIO, China), and OptiMEM. Non-sense sequences were used as negative controls (210011, Ubigene).

RAW 264.7 macrophages with HMGB1 knockdown were obtained using adenovirus (m-HMGB1-shRNA-GFP-Puro from 293T cells, 6.57 × 108 TU/mL, MOI:100, 7.6 L, Genechem, Shanghai). Cells were cultured in 6-well plates (5 × 105 cells per well), transfected using shRNA HMBG1 (MOI = 10), and screened using puromycin (2 μg/mL, Genechem, Shanghai) to obtain the infected RAW 264.7 macrophages.

RAW 264.7 macrophages were maintained in high-glucose DMEM (Gibco, USA) containing 10% fetal bovine serum (AusgeneX, Australia) and 1% penicillin/streptomycin (Solarbio, China) at 37°C under normal (5% CO2 and 95% air) or hypoxia (5% CO2, 94% N2, and 1% O2) conditions. To determine the effects of adipocyte-derived ADPN on macrophages, the cells were cultured in the conditioned medium (CM) from siNC or siADPN adipocytes. To determine the macrophage receptor that binds adipocyte-derived ADPN, macrophage receptor-binding antibodies, including AdipoR1 (ab126611), AdipoR2 (ab77612), aVb3 (EMD Millipore, MAB1876-Z), and aVb5 (EMD Millipore, MAB1961), were added to siNC CM, which was then administered to macrophages.




2.2 Animals

Adult C57Bl/6J male mice (young: 7–8 weeks old, weight 22–25 g; aged: 20–22 weeks old, weight approximately 35 g) were purchased from Charles River (Beijing, China). Adult experimental Axin2 knockout (KO) mice (background: C57Bl/6J) were fed and propagated at Nankai University. PCR genotyping of Axin2 KO and WT mice was performed using primers 5′-AGTCCATCTTCATTCCGCCTAGC-3′ and 5′-TGGTAATGCTGCAGTGGCTTG-3′ for the wild type, and primers 5′-AGTCCATCTTCATTCCGCCTAGC-3′ and 5′-AAGCTGCGTCGGATACTTGCGA-3′ for the Axin2 mutant.

Mice were maintained in a specific pathogen-free environment with free access to food and water and a 12 h/12 h light–dark cycle. The study protocol was approved by the Ethics Committee of Nankai University (approval no. 2022-SYDWLL-000486).




2.3 Mouse model and treatment

Mice were anesthetized via inhalation of isoflurane (1.5%–2%, MSS-3, England). LVA and MI mouse models were established by ligating the left anterior descending (LAD) artery. MI was induced in adult male mice according to previous studies (10), whereas LVA was induced in adult male mice according to previous studies, with a slight modification. Briefly, the heart in the LVA group was ligated at the LAD at the same level as the heart in the MI group; however, the suture was snipped day 5 after the operation. The LVA model was considered to be successfully established based on the paradoxical movement of the left ventricle. The sham-operated animals underwent the same procedure as the MI and LVA model animals but did not undergo coronary artery ligation.

To determine the effects of ADPN on the formation and progression of LVA, ADPN [ip., 5 ng/(g·day), bs0471P, Bioss] was administered from day 1 to day 14, day 1 to day 3, day 1 to day 7, day 3 to day 14, and day 7 to day 14 after LAD ligation. To elucidate the effects of ADPN and HMGB1 on the crosstalk between adipocytes and macrophages, ADPN, clodronate liposomes, and AAV-shHMGB1 were applied in MI and LVA mouse models. Clodronate liposomes (iv., 0.1 mL/25 g, Yeasen) were used to eliminate bone marrow-derived macrophages. AAV-shHMGB1 was administered as a pre-treatment day 14 before the operation to impede HMGB1 expression in macrophages. To determine the effects of the STAT3/ADPN/HMGB1 axis on the crosstalk between adipocytes and macrophages, adipocytes overexpressing STAT3, siSTAT3 adipocytes, and AAV-shHMGB1 were used in the MI and LVA mouse models.

To reduce pain in the animal experiments, the animals were killed via cervical dislocation after isoflurane anesthesia (5%, MSS-3, England).




2.4 LVA model validation

To validate the successful construction of the LVA model, hearts were collected on day 28 after the operation, and a regular agarose (agarose G-10, Blowest, 162135) intra-chamber cast was used to recapture the inner chamber spatial structure and the bulging shape of the LVA. To screen the time window of LVA model formation, computed tomography (CT, Nanoscan, Mediso, width: approximately 1,929, center: approximately −35) was applied to perform in vivo imaging of mouse cardiopulmonary parts and validate the success of LVA model development at different time points (days 1, 3, 7, and 30 after model construction). Based on paradoxical movement, intrachamber casts, and CT, the LVA mouse model was validated.




2.5 Echocardiographic examination

Cardiac function was evaluated using a Vevo® 2100 system equipped with a 30-MHz transducer (FUJIFILM VisualSonics, Inc. Toronto, Canada). Heart function was measured using the two-dimensional parasternal long axis. Left ventricular internal dimensions in diastole (LVID,d), systole (LVID,s), left ventricular ejection fraction (LVEF, %), and fractional shortening (LVFS, %) were measured using M-mode.




2.6 Histology analysis

After mice were killed, heart samples were collected, fixed in 4% paraformaldehyde overnight, and embedded in paraffin or OCT (6 μm). Hematoxylin and eosin (HE) staining (G1120, Solarbio, China) and Masson’s staining (G1340, Solarbio, China) were performed to detect anatomical morphology changes and collagen deposition. The average infarct size was obtained by calculating the average length of the circumference in the infarct and normal areas. The infarcted area was determined by calculating the average area in the infarct portion and total area (13). The related wall thickness of the border zone was also determined, and the three were measured using the ImageJ software.

For immunofluorescent analysis, the tissue slides were incubated with the following primary antibodies: rabbit anti-Cx43 (1:200, ab11370), anti-LYVE1 (1:200, ab218535), anti-ZO-1 (1:200, ab61357), mouse anti-CD68 (1:200, ab31630), rabbit anti-HMGB1 (1:200, ab79823), mouse anti-ADPN (1:200, ab22554), mouse anti-cTNT (1:200, ab8295), and rabbit anti-Ki67 (1:200, ab16667) at 4°C overnight, followed by the secondary antibodies, Alexa Fluor 488- and Alexa Fluor 594-conjugated second antibody (Abcam, 1:200). The nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI; Southern Biotech, USA). At least three different heart sections were obtained from each mouse and more than six random images of the at-risk areas were obtained from each section. Images were captured using a fluorescence microscope (ECLIPSE TS2R, Nikon, Japan).




2.7 Cytokine and chemokine measurements

For the protein chip, blood samples were collected and centrifuged for 10 min at 3,000 rpm. The concentrations of cytokine and chemokine were measured using an antibody-coated microsphere-based multiplex cytokine immunoassay that can quantify seven cytokines contemporaneously using 25 μL of mouse serum (MTH17MAG-47k MILLIPLEX MAP Mouse Cytokine/Chemokine Magnetic Bead Panel, MERCK Millipore Corporation, Germany). The following cytokines were measured: GM-CSF, IFN-γ, IL-1β, IL-6, IL-10, IL-22, and TNF-α. All samples, standards, and quality controls were assayed according to the manufacturers’ instructions. The samples were incubated overnight at 4°C and washed using a magnetic plate washer. The plates were read using a multiplex plate reader and its accompanying software (Luminex x-MAP Technology, MILLIPLEX). All cytokine and chemokine concentrations are expressed in pg/mL.

To investigate myocardial injury on days 3 and 7 after construction of the mouse model, the left ventricular heart samples from different groups were collected and the mouse ADPN ELISA kit (ab226900), mouse CKMB ELISA kit (JL12422, Jianglaibio, China), and LDH ELISA kit (JL20162, Jianglaibio, China) were used to measure the levels of the corresponding proteins. The concentrations of cytokines secreted by macrophages were measured using the mouse IL6 ELISA kit (ab222503), mouse HMGB1 ELISA kit (JL13702, Jianglaibio, China), and mouse C1qTNF9 ELISA kit (CSB-E16713h, Cusabio, China). The human IL6 ELISA kit (CSB-E04638h, Cusabio, China), human HMGB1 ELISA kit (CSB-E08223h, Cusabio, China), and human ADPN ELISA kit (CSB-E07270h, Cusabio, China) were utilized to determine protein expression in sub-epicardial adipose tissues. Optical density (OD) was measured using a microplate reader (VICTOR Nivo Multimode Microplate Reader, PerkinElmer). All cytokine concentrations are expressed in pg/mL.




2.8 RNA-sequencing of the border zone area

The border zones of the LVA and MI heart samples, and the same area of heart samples from the SHAM group were dissected (n = 5 per group). Total RNA was extracted using a TRIzol reagent kit (Invitrogen, Carlsbad, CA, USA). RNA quality was assessed using an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA, USA) and checked via RNase-free agarose gel electrophoresis. After total RNA extraction, eukaryotic mRNA was enriched using oligo (dT) beads, whereas prokaryotic mRNA was enriched by removing rRNA using the Ribo-Zero™ Magnetic Kit (Epicenter, Madison, WI, USA). The enriched mRNA was fragmented into short fragments using fragmentation buffer, reverse transcribed into cDNA with random primers, purified using the QiaQuick PCR extraction kit (Qiagen, Venlo, The Netherlands), end-repaired, extended with a poly(A) tail, and ligated to Illumina sequencing adapters. The ligation products were size-selected by agarose gel electrophoresis, amplified via PCR, and sequenced using Illumina HiSeq2500 (Gene Denovo Biotechnology Co., Guangzhou, China).

The differentially expressed genes (DEGs) were assessed using the “limma” package. Genes with log2|fold change|>1 and p < 0.05 were considered DEGs. GO/KEGG pathway analyses were performed using the “clusterProfiler” package in R (14, 15). Statistical significance was set at p < 0.05 for the enrichment analyses.

To investigate the hub genes, DEGs between the MI and LVA groups were uploaded to STRING (version 11) to construct a protein–protein interaction (PPI) network (16). The results of STRING analysis were imported into Cytoscape v.3.7.1, and hub genes were investigated using the Cytoscape plug-in, MCODE (17). A significant PPI was identified by a combined score >0.4.

Single-cell sequencing data for hub DEGs were obtained from the Single Cell Portal (https://singlecell.broadinstitute.org/). Single-cell sequencing data of the human heart from a single-cell portal were used to explore the expression of ADPN, AdipoR1, and AdipoR2 (SCP498) (18).




2.9 qPCR analysis

The mRNA of heart samples in the border zone or cells was extracted, and qRT-PCR was performed. Total RNA was collected using TRIzol and reverse transcribed. The amplified cDNA samples were then mixed using TB Green® Premix Ex Taq™ II (TaKaRa, RR820). B-actin was used as an internal reference; the 2−ΔΔCt method was used for the calculation. The primer details are listed in Supplementary Table 1.




2.10 Flow cytometry

To determine the effects of different treatments on macrophage M2 polarization, samples were blocked with anti-Rh Fc receptor binding (Invitrogen, 2296579); stained with CD206 (CD206-FITC, Invitrogen 141704) and Edu (Edu-AF594, Invitrogen 2420611) (cell sample), CD206 and CD86 (CD86-PE/Cyanine7, Invitrogen, 105014) (heart sample), or CD206 and F4/80 (F4/80-PE, Invitrogen 157304) (heart sample); and evaluated using a flow cytometer (Cytometer, USA). Following staining for MertK (MertK-PE/Cyanine7, Invitrogen, 2555774), flow cytometry was performed to determine the effect of LNP-MertK on macrophages. Nystatin, a decreasing endocytic reagent, was used to reverse the above effects (MCE 1400-61-9). Data were analyzed using FlowJo 10.6.2 (BD Biosciences).




2.11 Western blot

Proteins were extracted using RIPA buffer (CWBIO, China). The protein concentration was measured using a BCA assay kit. The samples were mixed with SDS-PAGE loading buffer, electrophoresed via SDS-PAGE, and transferred onto Millipore or GE PVDF membranes. The PVDF membranes were blocked with 5% skim milk for 1 h and incubated with primary followed by secondary antibodies (all 1:5,000, Affinity, China). The membranes were then bound to ECL and analyzed using an image system software (Protein Simple, USA).

The following primary antibodies were employed: anti-p65 (1:1,000, CST #6959), anti-p-p65 (1:1,000, ab194726), anti-LC3 (1:2,000, ab192890), anti-ADPN (1:1,000, ab22554), anti-HMGB1 (1:1,000, ab79823), anti-GPX4 (1:1,000, ab125066), anti-P62 (1:1,000, ab109012), anti-YAP (1:1,000, CST#8418S), anti-STAT3 (1:1,000, ab109085), and anti-β-actin (1:5,000, Sigma).




2.12 Transmission electron microscope

A transmission electron microscope (TEM) was used to examine the ultrastructure of macrophages. Briefly, cells and heart samples were fixed with glutaraldehyde and osmic acid (Solarbio, China), and then cut into ultrathin sections with a thickness of 50–70 nm using an ultrathin microtome. Ultrathin sections were stained with 2% uranyl acetate and lead citrate. The mitochondria and lysosomes were observed using a TEM (HT7800, HITACHI).




2.13 Oxidative stress levels

Raw264.7 cells were cultured under normal oxygen or hypoxic conditions for 8 h. Oxidative stress levels were measured by detecting reactive oxygen species (ROS; S0033; Beyotime, China), according to the manufacturer’s instructions. The fluorescence signal was recorded using 520- and 590-nm lasers and detected using a fluorescence microscope (ECLIPSE TS2R; Nikon, Japan).




2.14 Autophagy measurement

Raw264.7 cells were cultured in normal oxygen or hypoxic conditions for 8 h with or without treatment. Autophagy was determined using the MDC method (C3018S, Beyotime, China). The fluorescence signal was recorded using a 355-nm laser and detected using a fluorescence microscope (ECLIPSE TS2R, Nikon, Japan).




2.15 Oil O staining

To analyze lipid deposition in adipocytes, Oil O staining (G1262, Solarbio, China) was performed for the different groups. To analyze lipid deposition in the human subepicardial layer, modified Oil O staining (G1261, Solarbio, China) was performed. Images were captured using a light microscope (ECLIPSE E100; Nikon, Tokyo, Japan).




2.16 Chromatin immunoprecipitation assay

Macrophages or adipocytes were fixed with formaldehyde at room temperature for 10 min, washed with PBS, and collected. The cells were then placed in an ultrasonic water bath (60 W, SCIENTZ-48, SCIENTZ, China). The long-stranded DNA of the gene was broken into 200- to 1,000-bp DNA fragments and centrifuged at 16,000 × g for 15 min at room temperature to obtain the supernatant. A total of 20 µL of supernatant was employed as the input. The c-Jun (ab32137, 2.5-5 µg/106 cells) and STAT3 (ab76315, 2.5-5 µg/106 cells) antibodies and their corresponding IgG antibodies (A7016; Beyotime, China) were added to the remaining supernatant, which was incubated overnight at 4°C. Magnetic beads were then added for 2 h at room temperature (CST #9005). After centrifugation at 16,000 × g for 2 min at 4°C, the precipitate was eluted stepwise with a low-salt buffer solution, high-salt buffer solution, and NaCl solution to remove chromatin. EDTA, Tris-HCl, and protease were added to the sample, which was then incubated at 65°C for 1 h. Finally, the phenol-chloroform method was used to extract the 50-µL purified product for PCR detection. The primer details are outlined in Supplementary Table 2.




2.17 Dual-Glo luciferase experiment

The ADPN promoter [bp −1k/+120 relative to the transcriptional start site (TSS)] was cloned into the luciferase reporter gene vector, pGL3-Basic (Promega). Four 5′-truncated sequences of the ADPN promoter in the luciferase reporter gene vector were transfected into adipocytes from different treatment groups. The Dual-Glo luciferase experiment was carried out 48 h after transfection following the protocol provided by the manufacturer. The OD values were measured using a microplate reader (VICTOR Nivo Multimode Microplate Reader, PerkinElmer). The intensity was calculated by dividing the luciferase value by the renilla value (Promega E2920).




2.18 LNP and LNP-MertK construction

Lipid nanoparticle (LNP) and LNP containing MertK (LNP-MertK) were constructed as previously described (19). LNP was administered via the iv route. Of note, LNP can specifically bind to bone marrow-derived macrophages (CD68+). LNP-MertK was used to increase MertK expression and macrophage phagocytosis to eliminate unwanted materials in cardiomyocytes and the microenvironment. Nystatin, which decreases endocytic reagent, was administered via the ip route and used to rescue the effects of LNP-MertK after MI.




2.19 Patient enrollment and human sample analysis

To further validate the effects of the IL6/STAT3/ADPN/HMGB1 axis, blood samples were collected from patients after admission, and sub-epicardial samples were collected from patients that underwent coronary artery bypass grafting (CABG). The following inclusion criteria were employed: (1) diagnosed with CAD; (2) normal BMI (BMI ≤ 24 kg/m²), overweight (24 < BMI < 28 kg/m²), or obese (BMI ≥ 28 kg/m²); and (3) patients with complete medical information and laboratory examinations. The following exclusion criteria were employed: (1) history of nephropathy, especially DM; (2) history of hepatopathy; (3) history of diabetic oculopathy; (4) history of tumors; (5) cardiac arrest or ECPR; (6) MODS or irreversible brain damage; (7) surgery within 6 months of this study; (8) aortic insufficiency or aortic dissection; and (9) uncontrolled bleeding. The protocols were approved by Tianjin Third Central Hospital.

Univariate and multivariate logistic regression analyses were performed to assess the correlation between patients with CAD in different BMI groups and the expression levels of ADPN, IL6, and HMGB1. Receiver operating characteristic (ROC) analysis and joint ROC analysis were performed to investigate the diagnostic value of ADPN, IL6, and HMGB1 in patients with CAD in the different BMI groups.




2.20 Statistical analysis

Data are presented as mean ± SD, median (Q1–Q3), or frequency (percentage). Statistical analyses were performed using SPSS 23.0. The Shapiro–Wilk normality test, Welch’s t-test (two groups), and one- or two-way ANOVA with Bonferroni post-hoc analyses were used for comparisons between different groups. Multiple comparison p-values less than 0.05 were considered to indicate statistical significance. Randomization and blinding strategies were used whenever possible.





3 Results



3.1 Changes in the border zone are critical in LVA formation

The LVA mouse model was successfully constructed and validated using an agarose intrachamber cast and CT (Supplementary Figure 1). CT was also performed to screen the time window of LVA formation. Bulging was found to appear before day 7 and then progressively enlarge on day 30. Based on CT, the volume of the bulging left ventricular free wall in the LVA group occupied almost 1/3 of all left ventricles on day 30 after the operation. Furthermore, left ventricular paradoxical movement appeared.

Left ventricular functions in the LVA and MI groups were impaired at 1 and 4 weeks after operation compared to those in the SHAM group. LVEF and LVFS in the LVA group were remarkably reduced compared to those in the MI and SHAM groups (Figures 1A, B). Masson’s staining and hematoxylin and eosin staining were performed to assess LVA formation (Supplementary Figures 2A, B). The infarcted area significantly decreased, while the infarcted size did not significantly change on day 28 compared to that on day 7 in the LVA group (Supplementary Figures 2D, E). The wall thickness of the border zone decreased during this process in the LVA group (Figure 1C). The infarcted area was significantly larger while the infarct size was significantly lower on day 7 in the LVA group than in the MI group. Immunofluorescent staining for cTNT was observed in the border zone, suggesting that the number of injured cardiomyocytes decreased during LVA formation (Supplementary Figure 2C; Figure 1D).
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Figure 1 | ADPN expression was associated with the wall thickness in the border zone and LVA formation. (A, B) LVA and MI decreased heart function. The representative echocardiographic images (A) and quantitative analysis (B) of LVA, MI and SHAM mice heart samples at 1 week and 4 weeks after the operation. LVID, d, left ventricular internal diameter at end-diastole; LVID, s, left ventricular internal diameter at end-systole; LVEF (%), left ventricle ejection fraction; LVFS (%), left ventricle fractional shortening (n = 6 per group). (C) The wall thickness in the border zone of SHAM, MI (7 days and 28 days) and LVA (7 days and 28 days) heart samples. (D) Immunofluorescent staining of aSMA demonstrated the injury cardiomyocytes in the border zone of SHAM, MI (7 days) and LVA (1 day, 3 days, 7 days, and 28 days) heart samples. (E) The chord diagram of the relationship between DEGs and enriched pathways after RNA-sequencing analysis. (F) PPI analysis showed the inflammation module of DEGs in the border zone between LVA, MI, and SHAM at 7 days after model construction (n = 3 per group). ADPN, adiponectin. (G) The qPCR analysis of ADPN, AdipoR1, and AdipoR2 among three groups. AdipoR1 and AdipoR2, the two receptors of ADPN. (H) ADPN expression in the border zone at 7 days and 28 days after operation among three groups using ELISA. **p < 0.01; ***p < 0.001; ns, not significant.

Immunoregulation after cardiac injury is critical for heart recovery. Hearts in the LVA group were associated with a “global” activation of pro-inflammatory and anti-inflammatory cytokines (Supplementary Figure 3). In the pro-inflammatory phase (<3 days), IL-1b expression was elevated in the LVA and MI groups. Besides the decrease in IL-1β and peak IL-6 at 3 days, other cytokines peaked at 5 days. On day 7 after the operation, the expression of all cytokines was higher in the LVA group than in the MI group, indicating that immunoregulation of the infarcted area and border zone in the LVA heart was more remarkable than that in the MI heart.

Finally, 65 mice were used in the survival study. The mortality rate of LVA mice was higher than that of MI mice. To avoid the influence of the surgical procedure time, we recorded the time but found no significant difference between the two groups (Supplementary Figure 4). Taken together, these results indicate that the LVA model was successfully constructed. Many more differences were found in the border zone between the two groups, which may play a critical role in LVA formation and MI progression.




3.2 ADPN expression is associated with wall thickness in the border zone in LVA and MI mice

To explore the difference between the LVA and MI border zones, we performed RNA-seq of the border zone in the three groups on day 7 after the operation. A total of 1,340 upregulated and 971 downregulated DEGs were identified between the LVA and MI border zones. Further enrichment analysis was performed, which mainly revealed cytokine–cytokine receptor interactions, granulocyte chemotaxis, and chemokine activity (Figure 1E; Supplementary Table 3). PPI network analysis was performed, and a module comprising TNF, IL1b, ADPN, UCP1, and CCL2 was obtained (Figure 1F). Quantitative polymerase chain reaction (qPCR) analysis and ELISA were performed to determine ADPN expression. The mRNA and protein levels of ADPN were lower in the LVA group than in the MI group. No significant difference in mRNA levels was found between the two ADPN receptors, suggesting that ADPN expression may be associated with the related wall thickness of the border zone and contribute to LVA formation and MI progression (Figures 1G, H).




3.3 ADPN impedes cardiac edema and promotes cardiac lymphangiogenesis post-infarction

To explore the effects of ADPN on the related wall thickness of the border zone and LVA formation, an echocardiogram was recorded and the LVEF was measured. Compared to the LVEF in LVA mice administered PBS, the LVEF in mice administered ADPN increased from day 1 to day 7 while that in mice administered ADPN decreased after day 7 (Figures 2A–E; Supplementary Table 4). When this mechanism was further explored, ADPN supplementation decreased cardiac edema and impeded the progression of subepicardial edema in LVA mice within day 7 after the operation (Figures 2F, G). Cardiac lymphatic growth and Cx43 expression in the border zone of ADPN-treated mice were higher than those in age-matched PBS-treated mice on day 28 after the operation (Figure 2H).
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Figure 2 | ADPN impeded edema and promoted lymphangiogenesis within 7 days after the operation. (A–E) Effect of ADPN treatment on cardiac functions during LVA formation. 5 ng/(g·day) ADPN was injected i.p. from day 1 to 14 (A), day 1 to 3 (B), day 1 to 7 (C), day 3 to 14 (D), and day 7 to 14 (E) after LAD ligation. LVEF (%) was evaluated by echocardiography. (n = 8 per group) (F, G) The representative images (F) and quantity analysis (G) of the HE staining at 7 days and 28 days in the border zone of the LVA group treated with ADPN or PBS from day 1 to 7 after operation. Scale bar, 500 μm. Arrow, cardiac edema. (H) The representative immunofluorescence images of LYVE1 and Cx43 cells in the LVA group treated with ADPN or PBS from day 1 to 7 after operation. Scale bar, 500 μm. *p < 0.05; **p < 0.01; ***p < 0.001.

To determine the effects of ADPN on cardiac lymphangiogenesis and LYVE1+ macrophages in the border zone, ADPN and the Cx43 agonist and inhibitor, verapamil and Gap19, were administered to the LVA mouse model; verapamil and Gap19 were used to regulate Cx43 expression in the border zone. The LVA border zone in the verapamil group exhibited increased Cx43- and Cx43-associated macrophage infiltration (Supplementary Figure 5A). LYVE1+ macrophages and lymphatic capillaries increased in the border zone following treatment with ADPN+verapamil compared to treatment with ADPN alone; these levels were restored using Gap19 (Supplementary Figures 5C, D).

According to a previous report, ADPN decreases Axin2 expression (20). To explore the effects of ADPN on Cx43 and Cx43-associated macrophage infiltration, Axin2 KO mice were used. The overexpression of Wnt canonical signaling rescued the effects of Cx43 expression and Cx43-associated macrophage infiltration (Supplementary Figure 5B). LYVE1+ macrophages and lymphatic capillaries were also rescued in the border zone of Axin2 KO mice (Supplementary Figures 5E, F). Co-staining of ZO-1 and Cx43 was higher in the ADPN-treated LVA group than in the non-treated LVA group (Supplementary Figure 5G).

Taken together, these results indicate that ADPN expression levels differed after coronary occlusion, leading to a significant difference in the number of lymphangiogenesis and infiltrated LYVE1+ macrophages, inducing different statuses of the border zone and different mouse models, such as MI and LVA (Supplementary Figure 5H).




3.4 Adipocyte-derived ADPN promotes macrophage M2a polarization and decreases inflammatory cytokine secretion via the ADPN/AdipoR2/HMGB1 axis

Single-cell sequencing revealed that ADPN was mainly secreted by adipocytes, and the two receptors were expressed in almost all cardiac cells (Figure 3A). Therefore, cell–cell crosstalk may occur after MI. To explore the effects of ADPN on macrophages, ADPN expression was knocked down in adipocytes, and RAW264.7 macrophages were cultured with siNC or siADPN adipocyte-conditioned medium (Figure 3B). The siNC adipocyte-conditioned medium promoted macrophage M2 polarization based on polarization-related mRNAs and CD206 and Edu staining via flow cytometry. This effect was decreased by treatment with siADPN adipocyte-conditioned medium (Figures 3C, D). HMGB1 expression increased while p-p65 expression decreased in normoxic and hypoxic macrophages treated with ADPN (Figure 3E).

[image: A scientific figure comprising several panels depicting various experiments. Panel A shows heatmaps illustrating gene expression across different conditions. Panel B presents a bar graph and Western blot analyzing ADPN levels. Panel C displays a bar graph of mRNA levels for various cytokines. Panel D features flow cytometry plots for cell analysis. Panel E shows Western blots for HMGB1 and p65 under different treatments. Panel F includes Western blots for p65, LC3A/B, and p62. Panel G depicts Western blots for p65 and HMGB1 across different conditions. Panel H shows electron microscopy images of cellular interactions. Panel I provides further electron microscopy images. Panel J contains box plots of cytokine levels under different conditions.]
Figure 3 | Adipocyte-derived ADPN promoted macrophage M2a polarization and decreased inflammatory cytokine secretion via the ADPN/AdipoR2/HMGB1 axis. (A) Single-cell sequencing analysis demonstrated that ADPN was mainly expressed in adipocytes in the subepicardial layer while the two ADPN receptors were expressed in almost cells in heart. (B) The ADPN knockdown efficiency in adipocytes using qPCR and WB analysis. (C) The polarization-related mRNA levels in hypoxic macrophages were measured using qPCR analysis when treated with the conditional medium of ADPN knockdown or control adipocytes. CM, conditional medium. (D) Flow cytometry of CD206 and Edu staining to determine the M2 polarization in hypoxic macrophage when treated with the conditional medium of ADPN knockdown or control adipocytes. (E) WB analysis demonstrated HMGB1 and inflammatory response in normoxic and hypoxic macrophages when treated with ADPN or control. (F) After HMGB1 knockdown, ADPN effects on inflammatory response and autophagy were rescued in hypoxic macrophages. (G) WB analysis showed that HMGB1 and inflammatory response in hypoxic macrophages when treated with the conditional medium of adipocytes and binding with macrophage AdipoR1, AdipoR2, avb3, and avb5 using the antibodies. (H) HMGB1 knockdown or control RAW264.7 macrophages were exposed to hypoxia with ADPN treatment, then were fixed by high-pressure freezing and analyzed by TEM. Mitochondria–lysosome contacts (contacting) and megamitochondria engulfing lysosome (engulfing) were shown in different groups. L, lysosome, or lysosome-related organelle; M, mitochondrion. (I) The unfit materials ejection from macrophages using TEM. Arrow, migrasomes. Scale bar, 500 nm. (J) The IL6, HMGB1, and C1qTNF9 expressions secreted by hypoxic macrophages when treated with the conditional medium of ADPN knockdown or control adipocytes. ADPNi, ADPN knockdown in adipocytes. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

Based on previous reports, endogenous HMGB1 mediates ferroptosis and autophagy (21). HMGB1 was found to be knocked down in hypoxic macrophages (Supplementary Figure 6A). ROS levels in the hypoxic HMGB1 knockdown macrophage group were markedly higher than those in the hypoxic and normal oxygen macrophage groups (Supplementary Figure 6B). Autophagy was increased using the MDC method. Furthermore, LC3B/A expression increased in the hypoxia macrophage group compared to that in the normal oxygen macrophage group. This change was rescued in the hypoxia HMGB1 knockdown macrophage group (Supplementary Figures 6C, D). The expression of the ferroptosis marker, GPX4, increased in the hypoxia HMGB1 knockdown macrophage group (Supplementary Figure 6D). Macrophage HMGB1 knockdown decreased IL-1β and TNF-α, and increased IL-6, Arg1, IL-10, and Mrc1 expression under the hypoxia condition, indicating macrophage M2a polarization (Supplementary Figure 6E).

To determine the effects of adipocyte-derived ADPN on HMGB1 and HMGB1-mediated pathways in macrophages, HMGB1 knockdown or control macrophages were treated with ADPN. HMGB1 knockdown rescued the effects of ADPN on HMGB1-mediated p65 and decreased autophagy (Figure 3F). After treatment with CM and the AdipoR2 receptor antibody, HMGB1 expression decreased and p65 expression increased, suggesting that the ADPN/AdipoR2/HMGB1/p65 axis regulates immune responses in macrophages (Figure 3G). The effects of ADPN and HMGB1 on macrophage mitochondria were also investigated. Based on the results, ADPN decreased megamitochondria engulfing lysosome and promoted migrasome formation in hypoxic macrophages. The phenotypes were also rescued by HMGB1 knockdown in macrophages (Figures 3H, I). siNC adipocyte-conditioned medium impeded IL6, HMGB1, and C1qTNF9 secretion from macrophages, whereas the effect was reversed by treatment with siADPN adipocyte-conditioned medium (Figure 3J).

The effects of the ADPN/HMGB1 axis on macrophages and MI progression were validated in vivo using an MI mouse model. Compared to the heart sections in the MI group, the fibrotic area decreased after treatment with ADPN; this phenotype was rescued by macrophage depletion (liposome group) or HMGB1 knockdown in macrophages (Figure 4A). The same trend was observed for the other effects of ADPN. Treatment with ADPN promoted lymphangiogenesis and increased the number of ki67+ cTNT+ cardiomyocytes after MI. However, these phenotypes were rescued by macrophage depletion or HMGB1 knockdown (Figures 4B, C). ADPN was found to promote M2a polarization. After macrophage HMGB1 knockdown, M2a polarization transformed into M2b polarization on days 3 and 7 post-infarction (Figure 4D). Treatment with ADPN also decreased LDH and CKMB expression on days 3 and 7 after surgery. These phenotypes were rescued by macrophage depletion or HMGB1 knockdown in macrophages (Figure 4E).
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Figure 4 | ADPN impeded MI progression via macrophage HMGB1. (A) The fibrosis representative images (A1) and quantitative analysis (A2) of heart sections using Masson’s staining in SHAM, MI, MI+ADPN, MI+ADPN+liposomes administration and MI+ADPN+ HMGB1 knockdown in macrophages groups. AAV-shHMGB1 was utilized to knock down HMGB1 in macrophages. (B) The immunofluorescent images with LYVE1 (B1) and quantitative analysis (B2) in different groups. (C) The immunofluorescent images with Ki67 and cTNT in different groups. cTNT, injured cardiomyocyte marker. (D) Flow cytometry of CD206 and CD86 staining to determine the M2a and M2b polarization in hypoxic macrophage in an MI mouse model when treated with ADPN or ADPN+AAV-shHMGB1. (E) The border zone CKMB expression (up) and LDH expression (down) at 3 days and 7 days after operation in different groups using ELISA. Liposomes, MI+ADPN+clodronate liposomes administration group; HMGB1, MI+ADPN+HMGB1 knockdown in macrophages. Scale bar, 500 μm. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

Taken together, these results highlight the effects of the ADPN/HMGB1 axis on the regulation of macrophage polarization and cardiac injury in cardiac stress and MI mouse models.




3.5 IL6 and HMGB1 promotes ADPN expression in adipocytes via STAT3 and the co-transcription factor, YAP

We investigated the transcriptional regulation of ADPN in adipocytes. IL6 promoted STAT3 expression in adipocytes, and IL6+HMGB1 promoted a higher expression of STAT3 and YAP in adipocytes (Figure 5A). Immunofluorescent staining with STAT3 and nuclear plasma separation experiments revealed that STAT3 translocation to the nucleus increased in hypoxic adipocytes pre-treated with IL6 and markedly increased in adipocytes pre-treated with IL6+HMGB1 (Figures 5B, C). ADPN expression was elevated in hypoxic adipocytes pre-treated with IL6 and markedly increased in adipocytes pre-treated with IL6+HMGB1. Lipid deposition was found to decrease in the IL6 and IL6+HMGB1 hypoxic adipocyte groups (Figures 5D, E). ChIP analysis and luciferase reporter gene experiments revealed that STAT3 promoted ADPN transcription by binding to the ADPN promoter (Figures 5F–H).

[image: Composite image depicting experimental data on STAT3 and related proteins under various conditions. A) Western blot analysis of proteins, showing expression levels. B) Immunofluorescence images with cells stained in purple and red. C) Western blot for nuclear and cytoplasmic fractions of STAT3. D) Immunofluorescence images with red staining under different conditions. E) Images of tissue sections stained for specific markers. F) Bar graph showing STAT3 ChIP enrichment relative to input. G) Sequence logo depicting a motif. H) Bar graph displaying luciferase activity across different conditions. Each panel provides insights into protein interactions and gene regulation.]
Figure 5 | IL6 and HMGB1 promoted ADPN expression in adipocytes via STAT3 and co-transcriptional factor YAP. (A) STAT3, YAP, and ADPN expressions were determined in normoxic and hypoxic adipocytes pre-treated with control, IL6, HMGB1, or both. (B) Immunofluorescent staining was used to show STAT3 distribution in hypoxic adipocytes pre-treated with control, IL6, HMGB1, or both. Scale bar, 100 μm. (C) Nuclear plasma separation experiment demonstrated STAT3 distribution in hypoxic adipocytes pre-treated with control, IL6, HMGB1, or both. (D) Immunofluorescent staining with ADPN in hypoxic adipocytes pre-treated with control, IL6, HMGB1, or both. Scale bar, 100 μm. (E) Oil O staining was used in hypoxic adipocytes pre-treated with control, IL6, HMGB1, or both. Scale bar, 500 μm. (F) ChIP analysis demonstrated that STAT3 promoted ADPN transcription. NSC74859 was used in adipocytes to inhibit STAT3 expression, which was as a negative control. (G) The motif of STAT3 and ADPN promoter. (H) Luciferase reporter gene experiment was used to validate whether STAT3 promoted ADPN transcription. *p < 0.05; ***p < 0.001; ns, not significant.

To validate the effects of the IL6/STAT3/ADPN axis on MI progression and LVA formation, adipocytes overexpressing STAT3, siSTAT3 adipocytes (as a negative control), and AAV-HMGB1 were administered to the MI and LVA mouse models. Supplying adipocytes overexpressing STAT3 decreased collagen disposition, increased lymphangiogenesis, and impaired myocardial injury (LDH and CKMB ELISA results, and immunofluorescent images with Ki67 and cTNT). However, these effects were rescued after HMGB1 knockdown in macrophages (Figure 6). Supplying adipocytes overexpressing STAT3 to the LVA mouse model increased the related wall thickness and decreased LDH and CKMB at 7 days after the operation (Supplementary Figure 7). Overall, adipocyte-derived STAT3 impedes MI and LVA progression via HMGB1 in macrophages.
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Figure 6 | Supplying STAT3 overexpressed adipocytes increased lymphangiogenesis after MI via macrophage HMGB1. (A) The HE representative images of heart sections in MI, MI+STAT3 overexpressed adipocytes, MI+STAT3 knockdown adipocytes, and MI+STAT3 overexpressed adipocytes+HMGB1 knockdown macrophage groups. AAV-shHMGB1 was utilized to knock down HMGB1 in macrophages. (B) The fibrosis representative images (B1) and quantitative analysis (B2) of heart sections using Masson’s staining in MI, MI+STAT3 overexpressed adipocytes, MI+STAT3 knockdown adipocytes, and MI+STAT3 overexpressed adipocytes+HMGB1 knockdown macrophage groups. (C) The immunofluorescent images with LYVE1 (C1) and quantitative analysis (C2) in MI, MI+STAT3 overexpressed adipocytes, MI+ADPN treatment, and MI+STAT3 overexpressed adipocytes+HMGB1 knockdown macrophage groups. MI+ADPN treatment as the positive control. (D) The immunofluorescent images with Ki67 and cTNT in MI, MI+STAT3 overexpressed adipocytes, MI+ADPN treatment, and MI+STAT3 overexpressed adipocytes+HMGB1 knockdown macrophage groups. MI+ADPN treatment as the positive control. cTNT, injured cardiomyocyte marker. (E) The border zone CKMB expression (up) and LDH expression (down) at 7 days after operation in different groups using ELISA. HMGB1, MI+STAT3 overexpressed adipocytes+HMGB1 knockdown macrophage group. Scale bar, 500 μm. **p < 0.01; ***p < 0.001; ns, not significant.




3.6 Targeting MertK improves heart functions after MI

Due to the aging-related reduction in MertK expression and macrophage phagocytosis, we constructed and used LNP-MertK to increase macrophage MertK expression and phagocytosis. Thereafter, we determined whether LNP-MertK can exhibit a synergistic effect with ADPN on MI progression. First, we analyzed the homing of senescent macrophages to the bone marrow. The homing of senescent macrophages was found to increase in aged mice. These macrophages may decrease the immune response, promote cardiac adverse remodeling, and induce LVA formation (Supplementary Figure 8A). Echocardiography revealed that LVEF and LVFS in the LNP-MertK group were higher than those in the MI and LNP groups (Supplementary Figure 9A). Masson’s trichrome staining also revealed a smaller infarcted area and more surviving cardiomyocytes in the LNP-MertK group (Supplementary Figure 9B). Transwell analysis revealed that the phagocytosis of LNP-MertK-treated macrophages was increased and rescued by nystatin. Macrophage phagocytosis decreased to zero upon treatment with nystatin (Supplementary Figure 9C). Based on flow cytometry, LNP-MertK promoted macrophage phagocytosis in the more myocardial adverse mitochondria (Supplementary Figure 9D). LNP-MertK also promoted M1 polarization at day 3 and M2 polarization at day 7 after operation (Supplementary Figures 8E, 7B). ADPN enhanced the effects of LNP-MertK on M2 polarization at day 7 after the operation (Supplementary Figure 8B). Both LNP-MertK and LNP decreased CKMB and LDH expression; however, LNP-MertK expression decreased further after MI (Supplementary Figure 9F). LNP-MertK and ADPN increased the abundance of the LYVE1+ MertK+ macrophages compared with LNP-MertK alone (Supplementary Figure 9G). LNP-MertK also increased VEGF-C expression on days 3 and 7 after MI (Supplementary Figure 9H). Overall, targeting MertK increased macrophage phagocytosis and M2 polarization, and impeded macrophage senescence, thereby improving heart function after MI.




3.7 IL6/ADPN/HMGB1 axis contributes to the diagnosis and prognosis of aging patients with CABG

To validate the effects of IL6, HMGB1, and ADPN in humans, human subepicardial and blood samples were collected based on the inclusion and exclusion criteria. Patients with obesity and CAD can be divided into two groups based on the lipid deposition of sub-epicardial adipocytes analyzed by oil O staining. Lipid deposition was negatively correlated with ADPN immunofluorescence staining in sub-epicardial adipocytes (Figures 7A, B). The high mRNA and protein levels of ADPN were confirmed using qPCR and ELISA (Figures 7C, D). However, the levels of secreted IL6 and HMGB1 were found to be downregulated using ELISA (Figures 7E, F).
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Figure 7 | IL6/ADPN/HMGB1 axis contributed to the diagnosis and prognosis of CABG patients. (A) Oil O staining demonstrated the lipid deposition of sub-epicardial adipocytes in patients with overweight and obesity. Scale bar, 500 µm. (B) Immunofluorescent staining with ADPN in sub-epicardial adipocytes in patients with overweight and obesity. Scale bar, 500 µm. (C) The ADPN mRNA level was measured using qPCR in sub-epicardial adipocytes in patients with overweight and obesity. (D–F) ADPN (D), IL6 (E), and HMGB1 (F) expressions of human sub-epicardial samples in patients with overweight and obesity were determined using ELISA. (G, H) Univariate (G) and multivariate logistic regression analysis (H) of young, middle, and aged CABG patients. *p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant.

The expression levels of IL6, HMGB1, and ADPN in human blood samples were determined using ELISA. The baseline characteristics of young, middle-aged, and aged patients with CABG are shown in Supplementary Table 5. Systolic pressure, albumin, and ADPN were positively correlated with aging in patients with CABG, while IL6 and HMGB1 were negatively correlated with aging (Supplementary Table 5). According to univariate and multivariate logistic analyses, TG, albumin, and ADPN/(IL6*HMGB1) are independent factors in young, middle, and aging patients with CABG, highlighting the clinical value of the IL6/ADPN/HMGB1 axis in aging patients with CABG (Figures 7G, H; Supplementary Table 6).

Overall, the IL6/ADPN/HMGB1 axis was found to be differentially expressed in human subepicardial tissue and blood samples. Moreover, the independent factors for aging patients with CABG led to MI progression, LVA formation, and heterogeneity among patients with CAD (Figure 8).

[image: Diagram illustrating myocardial infarction. A heart with damaged muscle is shown. A detailed cellular process depicts ADPN binding to receptors, activating YAP and STAT3, leading to HMGB1 release. This process interacts with a cell labeled TLR, resulting in IL6 release and signaling pathways related to inflammation and autophagy.]
Figure 8 | Mechanism diagram of the IL6/ADPN/HMGB1 axis on crosstalk between adipocytes and macrophages after MI. ADPN regulated HMGB1 expression and HMGB1-mediated inflammatory response and autophagy in macrophages via AdipoR2/c-Jun. Moreover, ADPN impeded HMGB1and IL6 secretion in hypoxic macrophages, especially in aged hypoxic macrophages. IL6 triggered STAT3 and HMGB1 promoted YAP translocate to nuclear, which raised ADPN expression through binding to ADPN promoter. Therefore, the IL6/ADPN/HMGB1 axis contributed to macrophage phagocytosis, senescence, inflammatory response, and autophagy, which led to MI progression, LVA formation, and CAD patients’ heterogeneity.





4 Discussion

LVA is a severe complication of MI. The clinical manifestations of ventricular remodeling include LV expansion and a reduction in cardiac systolic and diastolic functions (22). In this study, we constructed an LVA mouse model to determine the mechanism of LVA formation and the differences in the border zone between LVA and MI hearts. RNA sequencing and further experiments revealed that the hub gene, ADPN, was involved in the crosstalk between adipocytes and macrophages after MI, LVA, and cardiac stress in a mouse model. Thus, ADPN could be a potential target to block LVA formation and MI progression, especially in patients with CAD and obesity or type 2 diabetes.

Cardiac remodeling after MI relies on a balance between debris removal and scar formation (23), and hemodynamic homeostasis during LVA formation. In this study, the stretch force near the plication site increased, inducing the angle of the border zone at 4 weeks after the operation, which may be due to unstable hemodynamic homeostasis, including turbulent flow in the left ventricle. The instable hemodynamic homeostasis led to the related poor stress resistance in the border zone and LVA formation, which was consistent with the results of Jackson et al. (24) and Ratcliffe et al. (25). These investigators found that the stretch force toward the border zone contributed to its extension, called the “diluted” border zone.

The “diluted” border zone was correlated with LVA formation due to the imbalance between border zone stress and left ventricular hemodynamic instability. Cytokine levels were determined to analyze the immunoregulatory mechanism in LVA formation. LVA was suggested to induce more remarkable inflammatory reactions than MI. After RNA sequencing and validation, ADPN was associated with border zone thickness and LVA formation. ADPN impeded cardiac edema and promoted cardiac lymphangiogenesis post-infarction. Trauma induced myocardial ischemia/reperfusion injury by increasing apoptosis, enlarging infarct size, and decreasing cardiac function. Plasma adiponectin concentrations decreased after traumatic injury. Both etanercept and exogenous adiponectin supplementation (3 days post-trauma or 10 min before reperfusion) markedly inhibited oxidative/nitrative stress and ischemia/reperfusion injury in WT mice, whereas adiponectin supplementation substantially attenuated post-traumatic ischemia/reperfusion injury in adiponectin-knockout mice (26). As ADPN has the same domain as TNFa, TNF-α antagonism was found to ameliorate myocardial ischemia-reperfusion injury in mice by upregulating adiponectin (27). The cardioprotective effects of TNF-α neutralization are partially due to the upregulation of ADPN based on a comparison of ADPN knockout mice with WT mice (26, 27).

The resolution of cardiac edema is bimodal, with peaks appearing within 3 h and day 7 after MI (28). Therefore, LVA was induced in adult male mice according to previous protocols, with slight modifications. In this study, the heart in the LVA group was ligated at the LAD and the same level as the heart in the MI group; however, the suture was snipped on day 5 after the operation. At day 5 post-infarction, cardiac edema and inflammation increased. After snipping of the suture, left ventricular hemodynamic instability and the stress of the border zone increased; thus, left ventricular paradoxical movement appeared and LVA formation occurred.

The left ventricle in the LVA group was characterized by systolic dyskinesia and paradoxical bulging, whereas that in the MI group was only characterized by systolic dyskinesia. In this study, ADPN expression levels differed after coronary occlusion, leading to a significant difference in the lymphangiogenesis number and infiltration of LYVE1+ macrophages, thereby inducing different mouse models, such as MI and LVA. Mice administered ADPN had more cardiac lymphatic growth in the border zone than age-matched PBS-administered mice on day 28 after the operation, with improved heart function dependent on the administration time, which may be partly due to the expression or localization of Cx43 and macrophage status and abundance. The relationship between Cx43 and cardiac lymphatic growth is consistent with that reported in a previous study (29). Previous studies revealed that Cx37, Cx47, and Cx43 are the main connexin proteins that affect the developing lymphatic tissue (30). Mutations in these genes can lead to lymphatic disorders in mice and humans (31–33). In this study, Cx43 was expressed in the cardiac lymphatic vasculature during LVA formation following treatment with ADPN. Mouse models revealed that Cx43 expression affects not only lymphangiogenesis but also the maintenance of lymphatic function via LYVE1+ macrophages, which further strengthens our findings that ADPN affects Cx43+ LYVE1+ macrophages. Further studies are needed to fully elucidate how ADPN and connexins regulate these vessels, which may provide a therapeutic avenue to impede MI progression and LVA formation.

Cx43 dephosphorylation results in arrhythmia and cardiomyocyte apoptosis after cardiac ischemia/reperfusion (34). Macrophages facilitate electrical conduction in the heart via Cx43 expression (35). The decrease in oxygen in the cell lowers the pH and induces Cx43 degradation, resulting in MI-related complications, including arrhythmia (34, 36). To determine the effects of Cx43 on the injured myocardium following treatment with ADPN, verapamil and Gap19 were used. Verapamil was first used to treat hypertension and arrhythmias via the L-type calcium channels (37). However, verapamil indirectly affected Cx43 localization and stabilization (29, 38). During LVA formation, ADPN and verapamil synergistically enhanced LYVE1+ macrophages and lymphatic capillaries in the border zone (almost in the epicardial layer) via Cx43. Axin2 KO mice were used. Consistent activation of the Wnt/β-catenin signaling pathway was observed in adult mice (39), which also demonstrated the effects of Cx43 on LYVE1+ macrophages and lymphatic capillaries.

In this study, adipocyte-derived ADPN promoted macrophage M2a polarization and decreased inflammatory cytokine secretion via the ADPN/AdipoR2/HMGB1 axis; MMP and autophagy were lower in hypoxic HMGB1 knockdown macrophages than in non-knockdown macrophages, suggesting that HMGB1 is a key target of mitochondrial, autophagy, and inflammatory regulation. Hypoxia-reprogramed megamitochondrion contacted and engulfed lysosome to mediate mitochondrial self-digestion (40), which was consistent with the TEM results of the ADPN and ADPN+HMGB1 knockdown groups. According to Bushra et al., ADPN suppressed ROS production and apoptosis, and improved migration and barrier functions in hyperglycemic cells under 30 mM glucose conditions. Bioinformatics analysis revealed that the signaling pathways of integrin, HMGB1, STAT3, NFkB, and p38-AMPK were mainly involved in the actions of ADPN (41), which were consistent with our findings. ADPN promotes VEGF-C-dependent lymphangiogenesis through the AMPK/p38 signaling pathway (42, 43), which is consistent with the effects of ADPN on hypoxic macrophages.

ADPN decreased IL6, HMGB1, and C1qTNF9 secretion from macrophages, which may also be a senescence-associated secretory phenotype (SASP) (44). Macrophage senescence can partly explain the differences in immune responses after MI and the heterogeneity in the prognosis of patients with CAD. C1qTNF9 also regulates the fate of implanted mesenchymal stem cells to protect against MI injury (45, 46).

Macrophages are involved in all CAD stages. CD169+ macrophage or its “eat me” receptor Mertk deficiency impaired myocardial mitochondria elimination and cardiomyocyte-related hypoxic senescence in the early infarction period; therefore, ventricular functions decreased, and metabolic alterations appeared (47). MertK+ TREM2high and MertK+ LYVE1+ macrophages negatively regulate inflammation and resolve lipid mediators related to the M2c anti-inflammatory effects (48). In addition, loss of CCR2− macrophages led to the accumulation of the extracellular matrix component, hyaluronic acid (HA), which was needed to be cleared; this process required sensing by the HA receptor, LYVE-1 (49).

MI- or I/R-induced myocardial injury generates stress-induced senescent cells (SISCs), which play a critical role in the pathophysiology of adverse cardiac remodeling and heart failure by secreting proinflammatory molecules and matrix-degrading proteases (50). The removal of SISCs decreased inflammatory cytokines and normal cell death via macrophage efferocytosis. Abundant high-molecular-mass hyaluronic acid (HMM-HA) contributes to the longevity of the longest-lived rodents. HMM-HA also reduces inflammation during aging through several pathways, including a direct immunoregulatory effect on immune cells and protection from oxidative stress. LYVE1 on the cell membrane responds to HMM-HA in the matrix, alleviates senescence, and increases macrophage efferocytosis under stress (51). Therefore, LYVE1 may be a therapeutic target for the treatment of macrophage and cardiomyocyte senescence, and may improve the prognosis of patients with CAD. In our previous study, a CCR2 inhibitor was found to increase the ratio of CCR2− macrophages, thereby strengthening the effects of adiponectin against myocardial injury after infarction (12). In this study, LNP-MertK was used to improve macrophage phagocytosis and heart function after MI by decreasing senescence. In vivo, transiently engineered CAR T-cell therapy delivered mRNA through LNP injection to reprogram T cells to recognize cardiac fibroblasts, thereby restoring heart function (52). We investigated whether this method could be used to treat macrophages after MI. Treatment with LNP-MertK increased the efficiency of endocytosis of the mitochondria and other unfit materials. Thus, LNP-MertK can be used to treat myocardial ischemia and/or reperfusion injury and increase the survival of cardiomyocytes to help outlive the early infarction period and decrease patient recurrent events. The effects of macrophage phagocytosis and senescence alleviation after LNP-MertK mRNA vaccine-like administration may be determined by evaluating migrasomes from macrophages (53, 54). Patients undergoing acute MI would survive longer if such treatment could be used in the early infarction period, which should be further investigated.

The crosstalk between adipocytes and macrophages is critical for disease progression. Adipocyte-derived lactate is a signaling metabolite that potentiates adipose macrophage inflammation by targeting PHD2 (55). Of note, intercellular mitochondrial transfer between adipocytes and macrophages is impaired in obesity (56). Macrophages limit the release of adipocyte mitochondria into the blood and cardiomyocytes; these effects are rescued during aging (57). In this study, IL6 and HMGB1 promoted ADPN expression in adipocytes via STAT3 and the co-transcription factor, YAP. The YAP/TEAD1 complex is a default repressor of the cardiac HMGB1/Toll-Like Receptor (TLR) axis (58) and may be a potential target for regulating the crosstalk between adipocytes and macrophages after MI. In this study, patients with CAD and obesity were divided into two groups based on lipid deposition and ADPN expression in the sub-epicardial adipocytes. The IL6/ADPN/HMGB1 axis was differentially expressed in human subepicardial tissue and blood samples, and was an independent factor in patients with CAD, which may partly explain the obesity paradox in patients that are overweight or obese, particularly among those who develop symptomatic CAD. However, BMI and other parameters of body composition are not consistent with the CAD risk factors for adverse short-term outcomes (59, 60). After treatment with high-thermogenic beige adipocytes (HBACs)-condition medium, the expression levels of antioxidant and anti-apoptotic genes were upregulated in H9c2 cardiomyocytes via NRF2 activation. Furthermore, HBAC-conditioned medium significantly attenuated ischemic rat heart tissue injury via NRF2 activation (61). Therefore, highly thermogenic beige adipocytes exert beneficial effects on cardiac injury by modulating NRF2 and are promising therapeutic agents for MI. The various modes of fat grafts after transplantation highlight the importance of macrophage-mediated ECM remodeling in graft preservation after fat grafting (62). This study may help preserve the retention rate of fat grafts.

This study had some limitations. First, more evidence and clearer explanations, especially regarding hemodynamic instability and border-zone stress, are needed for LVA formation. Second, intercellular mitochondrial transfer between adipocytes and macrophages, and mitochondrial and lipid droplet interactions, still need to be clearly elucidated in epicardial adipocyte ADPN-conditional knockout mice. Third, other leukocyte populations were not included. The effects of other target genes in RNA-seq analysis on Tregs or other leukocyte populations must be investigated using adipocyte-conditioned medium and conditional knockout mice. Finally, large sample sizes were not employed, and follow-up of the cohort was not conducted. The effects of the IL6/ADPN/HMGB1 axis must be examined in a large double-blind follow-up multicenter cohort.




5 Conclusion

Overall, ADPN impedes cardiac edema and promotes cardiac lymphangiogenesis by regulating Cx43. The IL6/STAT3/ADPN/HMGB1 axis contributes to the regulation of macrophage M2a polarization and sustained mitochondrial quality via crosstalk between adipocytes and macrophages in a mouse model. These findings were validated using human samples.
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Supplementary Figure 1 | A simple, consistent, and low-cost LVA mice model construction. (A) Ligation site of heart organ in left coronary artery descending branch. (B) Intra-chamber cast and optical image of LVA (left) and MI (right), illustrating an outward bulge in the free wall of the left ventricle. (C) Optical LVA formation of mice heart: end-diastole (left) and end-systole (right) ligated at 4-4.5mm from its coronary origin. (D) Pattern picture of heart movement in LVA formation. (E, F) Coronal (E) and sagittal (F) position of computed tomography of LVA formation. SHAM and MI were 7d capture after model construction (n=6 per group). LVA formation was labeled with rectangle.

Supplementary Figure 2 | LVA formation process. (A) Masson’s staining of representative images showed the LVA forming process in the total scenery (up, 25x) and the border regions (down, 100x) at 1d, 3d, 7d and 28d after operation. The SHAM and MI images at 7d after operation were as negative and positive control, respectively. Scale bar, 500μm and 100μm. (B) HE staining at border zone of representative images at the same d. Scale bar, 100μm. (C) Representative images of heart sections at border zone stained for cTNT (red) at the same day. Scale bar, 25μm. (D–F) Comparison of infarction area (D) and infarction size (E) in border zone compared to SHAM group. ** P<0.01, *** P<0.001, **** P<0.0001.

Supplementary Figure 3 | Activation of pro-inflammatory and anti-inflammatory during LVA formation and progression. (A) The standard curve of the cytokine and chemokine measurements: IFN-ur GM-CSF, IL-1SF IL-6, IL-10, IL-22 and TNF22 (B) The concentrations of the cytokine and chemokine measurements: GM-CSF, IFNCS IL-1SF IL-6, IL-10, IL-22 and TNF2 among the three groups at 1d, 3d, 5d, 7d and 28d after operation (n=5 per group). LVA vs. MI: * P<0.05; ** P<0.01; *** P<0.001; **** P<0.0001.

Supplementary Figure 4 | The survival rate among 3 groups. (A) The survival rate of LVA, MI and SHAM (n=25, 25 and 20, respectively). (B) Operation time of LVA, MI and SHAM (n=12 per group).

Supplementary Figure 5 | ADPN regulated LYVE1+ macrophages and lymph-angiogenesis via Cx43 and Wnt canonical signaling. (A) The representative immunofluorescence images of Cx43 expression and Cx43 associated macrophages in the LVA mice treated with ADPN, verapamil and/or Gap19 from day 1 to 7. (B) The representative immunofluorescence images of Cx43 expression and Cx43 associated macrophages in WT or Axin2 KO LVA mice treated with ADPN and Gap19 from day 1 to 7, demonstrating that consistent activation of Wnt canonical signaling rescued the effects of downregulated Cx43 expression on Cx43 associated macrophages infiltration. (C, D) The representative immunofluorescence images (C) and quantity analysis (D) of LYVE1+ macrophages and lymph-angiogenesis in the LVA mice treated with ADPN, verapamil and/or Gap19 from day 1 to 7. (E, F) The representative immunofluorescence images (E) and quantity analysis (F) of LYVE1+ macrophages and lymph-angiogenesis in WT or Axin2 KO LVA mice treated with ADPN and Gap19 from day 1 to 7, demonstrating that consistent activation of Wnt canonical signaling rescued the effects of downregulated Cx43 expression. (G) The representative immunofluorescence images of Cx43 and ZO-1 expression and localization in the LVA mice treated with ADPN or control from day 1 to 7. (H) The mechanism diagram of MI and LVA formation. The ADPN expression level differed after coronary occlusion, leading to the significant difference of lymph-angiogenesis number and infiltrated LYVE1+ macrophages, thus inducing different mice model, such as MI and LVA formation. Scale bar, 500μm. * P<0.05; ** P<0.01; *** P<0.001; ns, not significant. Arrow, LYVE1+ macrophages. Scale bar, 500μm.

Supplementary Figure 6 | HMGB1 knockdown led to mitochondrial quality control, autophagy reduction and M2b polarization in hypoxic macrophages. (A) qPCR and WB analysis demonstrated the HMGB1 knockdown efficiency in hypoxic macrophages. (B) ROS measurement in normal oxygen, hypoxia and HMGB1 knockdown Raw264.7. (C) Autophagy measurement in normal oxygen, hypoxia and HMGB1 knockdown Raw264.7 using MDC method. (D) The represented WB images of GPX4 and LC3 protein expression in normal oxygen, hypoxia and HMGB1 knockdown Raw264.7. (E) The related mRNA levels of IL1b, TNFa, IL6, Arg1, IL10 and Mrc1 in N, H and HMGB1 KD group. KD, knockdown; N, normal oxygen Raw264.7; H, hypoxia Raw264.7; HMGB1 KD, hypoxia HMGB1 knockdown Raw264.7. Scale bar, 100μm. *P<0.05; **P<0.01; ***P<0.001.

Supplementary Figure 7 | Supplying STAT3 overexpressed adipocytes decreased injury after LVA formation. (A) The HE representative images of heart sections in LVA and LVA+STAT3 overexpressed adipocytes groups. (B) The related wall thickness of border zone in LVA and LVA+STAT3 overexpressed adipocytes groups. (C) The border zone CKMB expression and LDH expression at 7d after operation in LVA and LVA+STAT3 overexpressed adipocytes groups using ELISA. Scale bar, 500μm. ***P<0.001.

Supplementary Figure 8 | Aged macrophages hided in bone marrow. (A) The immunofluorescent images with b-gal and CD68 in bone marrow in young and aged MI mice. (B) Flow cytometry of F4/80 and CD206 staining to determine the macrophage M2 polarization in border zone of aged MI mice when treated LNP-MertK or LNP-MertK+ADPN at 7d after operation.

Supplementary Figure 9 | Targeting MertK improved the heart functions after MI. (A) The representative echocardiogram image and quantity analysis, including LVEF and LVFS, in the SHAM, MI, MI+LNP and MI+LNP-MertK groups. (B) The representative images of Masson’s staining in the MI and MI+LNP-MertK groups. Scale bar, 500um. (C) HL-1 cardiomyocytes were pretreated with JC-1 and hypoxia 4h. Green labeled represented bad mitochondrial function. After that, transwell analysis was applied to cardiomyocytes (up) and macrophages, LNP treated macrophages or LNP-MertK treated macrophages (down). Nystatin was utilized to rescue the effects of LNP-MertK. Scale bar, 100um. (D) MitoTracker® Red was used to pretreat hypoxic cardiomyocytes and transwell analysis and flow cytometry were used to analyze the protective effects of LNP-MertK on myocardial mitochondrial. (E) The macrophage polarization in four groups at 3d (up) and 7d (down) after operation. (F) The CKMB expression (up) and LDH expression (down) at 3d and 7d after MI using ELISA. (G) Flow cytometry of LYVE1 and MertK staining to determine the abundance of infiltrated phagocytic macrophages when treated with LNP-MertK or LNP-MertK+ADPN. (H) VEGFC expression was determined using ELISA at 3d and 7d after operation in the SHAM, MI, MI+LNP and MI+LNP-MertK groups. * P<0.05; **P<0.01; ***P<0.001; ns, not significant.
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hCeO2@ Cu5.4O nanoparticle alleviates inflammatory responses by regulating the CTSB–NLRP3 signaling pathway
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Inflammatory responses, especially chronic inflammation, are closely associated with many systemic diseases. There are many ways to treat and alleviate inflammation, but how to solve this problem at the molecular level has always been a hot topic in research. The use of nanoparticles (NPs) as anti-inflammatory agents is a potential treatment method. We synthesized new hollow cerium oxide nanomaterials (hCeO2 NPs) doped with different concentrations of Cu5.4O NPs [the molar ratio of Cu/(Ce + Cu) was 50%, 67%, and 83%, respectively], characterized their surface morphology and physicochemical properties, and screened the safe concentration of hCeO2@Cu5.4O using the CCK8 method. Macrophages were cultured, and P.g-lipopolysaccharide-stimulated was used as a model of inflammation and co-cultured with hCeO2@Cu5.4O NPs. We then observe the effect of the transcription levels of CTSB, NLRP3, caspase-1, ASC, IL-18, and IL-1β by PCR and detect its effect on the expression level of CTSB protein by Western blot. The levels of IL-18 and IL-1β in the cell supernatant were measured by enzyme-linked immunosorbent assay. Our results indicated that hCeO2@Cu5.4O NPs could reduce the production of reactive oxygen species and inhibit CTSB and NLRP3 to alleviate the damage caused by the inflammatory response to cells. More importantly, hCeO2@Cu5.4O NPs showed stronger anti-inflammatory effects as Cu5.4O NP doping increased. Therefore, the development of the novel nanomaterial hCeO2@Cu5.4O NPs provides a possible new approach for the treatment of inflammatory diseases.
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1 Introduction

Inflammation is the immune response that occurs when biological tissues are stimulated, which can be caused by infection or tissue damage. Inflammation can clear pathogens and promote tissue healing (1). However, the inflammatory response is sometimes the main cause of tissue damage—for example, if the stimulating factor persists and the inflammation does not subside, the infiltration of various inflammatory cells and the accumulation of inflammatory factors could alter the structure and function of normal tissues (2). Many studies have shown that inflammation is associated with many systemic diseases such as atherosclerosis (3), cancer (4), and diabetes (5). The complexity and unpredictability of inflammation make the treatment of inflammatory diseases a major challenge.

In recent years, nanotechnology has been developing rapidly, and nanoparticles are widely used in various fields, including in the monitoring and treatment of inflammatory diseases. There have been many reports in the literature that nanoparticles have anti-inflammatory properties and that they have better cell penetration than conventional drugs, resulting in better efficacy and durability in therapy (6–9). Therefore, nanomaterial-based drugs or drug carriers are proved to be a potential candidate for modulating inflammation (10–12).

There are increasing reports on the ability of nano-enzymes to treat different inflammatory diseases. It is worth mentioning that due to their unique valence state structure, cerium oxide nanoparticles (CeO2 NPs) have been found to possess various enzyme mimetic activities, thereby scavenging reactive oxygen species (ROS), including superoxide dismutase (SOD), catalase (CAT), oxidase-like activities, etc. (13) Cerium is a class of rare earth elements in the oxides of which trivalent (Ce3+) and tetravalent (Ce4+) states coexist. Due to this property, many studies have been conducted to evaluate the efficacy of CeO2 NPs in various inflammatory disease—for example, CeO2 NPs alleviated hypoxia-induced oxidative stress and inflammation in the lungs of mice (14). In another study, CeO2 NPs ameliorated inflammation in a model of periodontitis by reducing ROS production and inhibiting MAPK- NF-κB signaling (15).

Cu5.4O NPs is a new type of nano-enzymes synthesized in recent years. The ratio of Cu NPs to Cu2O NPs is 3.4 by controlling the temperature and the ratio of materials required for the synthesis, so it is named as Cu5.4O NPs. It has attracted attention because of its highly efficient catalytic performance and ultra-small particle size (16, 17). Copper, one of the essential trace elements for human growth and development, plays a key role in many cellular physiological processes (18). Cu NPs have excellent catalytic properties and can scavenge H2O2 and O2•- but not •OH, whereas Cu2O NPs can react with both H2O2 and •OH. Therefore, it is speculated that Cu5.4O may have spectroscopic mimetic enzyme catalytic properties and antioxidant activity, which has been confirmed in previous studies: Cu5.4O NPs have a high scavenging efficiency against H2O2 (80%), O2•- (50%), and •OH (80%) at a lower concentration (150–200 ng/mL) (16). Therefore, both CeO2 NPs and Cu5.4O NPs can be used as potential anti-inflammatory agents.

Pyroptosis is a recently discovered new type of programmed cell death that has the dual effect of protecting cells from endogenous and exogenous dangers and causing pathological inflammation (19). The classical activation pathway of pyroptosis is triggered by NLRP3 inflammasome. When it is stimulated by pathogen-associated molecular patterns or danger-associated molecular patterns, it could activate caspase-1, which could cause the release of proinflammatory factors such as IL-18 and IL-1β. Much of the literature suggested that the NLRP3 inflammasome is associated with various inflammatory diseases—for example, it is well known that LDL is a key factor in the formation of atherosclerosis, and it has been shown that phagocytosis of LDL induces the secretion of IL-1β through the activation of the NLRP3 inflammasome, which plays an important role in the development of atherosclerosis (20). Cathepsin B (CTSB) is a class of cysteine protein hydrolases found in lysosomes that primarily function as protein degraders and are involved in apoptosis (21). Recently, it has been found that CTSB is also involved in the pathological processes of many inflammatory diseases—for example, CTSB was significantly upregulated in coxsackievirus B3-induced myocarditis tissues, and CTSB knockout mice exhibited less inflammatory cell infiltration (22). It has also been found that CTSB expression was higher in the intestinal macrophages of mice with inflammatory bowel disease than in normal controls, and when CSTB was inhibited, only mild inflammation was shown in tissue sections (23).

In summary, CeO2 NPs and Cu5.4O NPs as nano-enzymes all have excellent antioxidant properties; they eliminate ROS in the inflammatory region and can be used as potential anti-inflammatory agents. In the study of the mechanism of inflammatory diseases, both CTSB and NLRP3 inflammasome have a promoting effect on inflammation. Therefore, we constructed a new nano-system, hollow cerium dioxide loaded with copper oxide (hCeO2@Cu5.4O NPs), and investigated whether its anti-inflammatory effects on macrophages could be mediated through the CTSB–NLRP3 signaling pathway (Scheme 1). The specific experiments include the following: (1) development of novel hCeO2 doped with different Cu/(Ce + Cu) molar ratios of 50%, 67%, and 83% and characterization of their physical and chemical properties using transmission electron microscopy (TEM), X-ray diffraction (XRD), and X-ray photoelectron spectroscopy (XPS). Determination of enzyme mimetic activity using antioxidant kit; (2) evaluation of the biosafety of hCeO2@Cu5.4O NPs by CCK8, live and dead cell staining, and hemolysis assay; and (3) evaluation of the inhibitory effect of hCeO2@Cu5.4O NPs on the secretion of inflammatory factors and its effect on the CTSB–NLRP3 pathway by RT-qPCR and Western blot methods. The experimental results showed that hCeO2@Cu5.4O NPs have good biocompatibility and broad-spectrum enzyme mimetic activity and are able to inhibit the CTSB–NLRP3 signal pathway in multiple ways. Therefore, this study could provide a feasible approach for the treatment of inflammatory diseases.

[image: Illustration showing the synthesis and application of a nanoparticle platform. sCeO2 evolves into hCeO2, which combines with CuCl2 and ascorbic acid to form hCeO2@Cu5.4O nanoparticles. These nanoparticles are shown interacting with a cell, reducing reactive oxygen species (ROS), and affecting cellular components marked CTSB and NLRP3. Indications of increased nanoplateform efficacy, antioxidant activity, and anti-inflammatory effects, with decreases in IL-18 and IL-1β levels, are highlighted in text boxes.]
Scheme 1 | Schematic diagram of the synthesis process of hCeO2@Cu5.4O NPs and the mechanism of its anti-inflammatory effect. (By Figdraw).




2 Materials and methods



2.1 Materials and reagents

Polyvinylpyrrolidone (PVP) was purchased from Ourchem (Shanghai, China). Tetraethoxysilane (TEOS) and cerium (III) nitrate hexahydrate [Ce(NO3)3·6H2O] were obtained from Macklin (Shanghai, China). Hexamethylenetetramine (HMTA), sodium hydroxide (NaOH), and copper (II) chloride dihydrate (CuCl2·2H2O) were purchased from Hushi (Shanghai, China). L-Ascorbic acid was purchased from Amethyst (Beijing, China). Cell Counting Kit-8 and CA-074Me were obtained from Dalian Meilun. AM/PI Double Staining Kit was purchased from Beyotime Biotechnology (Shanghai, China). ABclonal (Wuhan, China) supplied ABScript III RT Master Mix and SYBR Green Fast qPCR Mix. CathepsinB Rabbit mAb was purchased from Cell Signaling Technology (Boston, MA, USA). Beta-actin polyclonal antibody and goat anti-rabbit IgG were purchased from Elabscience Biotechnology Co., Ltd. (Wuhan, China). Reagent-grade water was obtained from ultra-pure water system (Ulupure, Chengdu, China) in all experiments. All other reagents were of analytical grade without further purification.



2.1.1 Preparation of hollow CeO2 (hCeO2) NPs

The synthesis of hollow CeO2 (hCeO2) NPs was referred to a previous literature (24). In brief, 30 mL of absolute ethanol, 5 mL of 4 mol/L ammonia solution, and 4 mL of deionized water were put into an oil bath and mixed. When the above-mentioned solution was heated to 60°C, the mixture of 5 mL TEOS and 20 mL of absolute ethanol was slowly dripped into the mixture. The mixture was stirred at 60°C for 4 h. After cooling to room temperature, the mixture was washed three times with ethanol and dried under vacuum at 60°C to obtain silica (SiO2) NPs.

Then, 0.1 g silica and 1 g PVP were added to 40 mL of deionized water. When the oil bath was heated to 75°C, 5 mL of 0.5 mmol cerium nitrate and 5 mL of 0.5 mmol HMTA were added in turn. The mixture was stirred at 95°C for 2 h, washed and centrifuged three times after cooling, and dried to obtain SiO2@CeO2 core–shell (sCeO2) NP precursors.

The sCeO2 NP precursors were heated to 600°C at 5°C/min for 2 h, and then heating was naturally dropped to room temperature to obtain sCeO2 NPs.

Next, 0.1 g sCeO2NPs was dispersed in 40 mL of 2 mol/L sodium hydroxide and stirred for 24 h, centrifuged, washed three times with ethanol, and dried to obtain hCeO2 NPs.




2.1.2 Preparation of Cu5.4O NP solution

The synthesis of Cu5.4O NPs was modified a little based on the previous literature (16). In detail, 10 mM CuCl2·2H2O was dissolved in 50 mL deionized water and stirred at 80°C in an oil bath for 10 min, and then 50 mL of 100 mM L-Ascorbic acid was added slowly to the above-mentioned solution. When the temperature of the solution is reduced to normal temperature, adjust the pH of the solution to 8 to 9 with 1 M NaOH solution and then stir for 12 h at 80°C. The large aggregates are then removed by centrifugation to obtain Cu5.4O NPs.




2.1.3 Preparation of hCeO2@Cu5.4O NPs

Different masses of hCeO2 NPs were weighed and added to Cu5.4O NPs solution so that the molar ratio of Ce/Cu is 0.2:1, 0.5:1, and 1:1, respectively. They were referred to as hCeO2@83%Cu5.4O, hCeO2@67%Cu5.4O, and hCeO2@50%Cu5.4O. After stirring for 24 h, the precipitate obtained after centrifugation and drying is hCeO2@Cu5.4O NPs. Nanoparticles were obtained after washing three times using ethanol to remove impurities and then drying.





2.2 Dispersion and sterilization of nanoparticles

A total of 1 mg nanoparticles was weighed and exposed to UV light for 30 min, then dispersed in 10 mL of complete medium containing 10% FBS, stirred for 1 h at room temperature, and then diluted and stirred for another 24 h for subsequent experiments. The content of endotoxin in all dispersions was less than 0.5 EU/mL (hCeO2@83%Cu5.4O NPs: 0.453 EU/mL, hCeO2@67%Cu5.4O NPs: 0.444 EU/mL, and hCeO2@50%Cu5.4O NPs: 0.463 EU/mL) using the Chromogenic LAL Endotoxin Assay Kit (Beyotime, Shanghai). Dynamic light scattering (DLS) was carried out in suspensions using the zeta potentiometer (Zetasizer Nano ZS, England). The hydrated particle size and zeta potential of the nanoparticles were then calculated.




2.3 Characterization

The surface morphology of the nanoparticles was observed using transmission electron microscopy (HT7700, Japan), and particle size analysis of electron microscopy images of Cu5.4O NPs was performed using ImageJ. Elemental analysis of nanomaterials was carried out by X-ray diffraction (Xtalab Synergy, Netherlands) and comparison with standard mapping.

Analysis of the surface chemical composition and elemental valence of nanomaterials were determined by X-ray photoelectron spectroscopy (Smart Lab 3KW, Japan).




2.4 SOD, CAT, and T-AOC enzyme mimic activity

To evaluate the antioxidant properties of hCeO2@Cu5.4O NPs, we measured its superoxide dismutase (SOD), catalase (CAT), and total antioxidant (T-AOC) capacity using an enzyme calibrator (Elx800, Bio Tek, United States). The SOD, CAT, and T-AOC enzyme mimic activities of hCeO2@Cu5.4O NPs were measured by using SOD assay kit (Solebo, China), CAT assay kit (Solebo, China), and T-AOC assay kit (Solebo, China), respectively.

SOD is an enzyme found widely in plants, animals, and cells and catalyzes the disproportionation of superoxide anions to produce H2O2 and O2. The superoxide anion produced during metabolism reduces azotetrazolium to methyl salts, and SOD scavenges the superoxide anion, thereby reducing the formation of methyl salts and thus affecting its absorbance at 560 nm. The reagents were mixed thoroughly according to the instructions and divided into test group, control group, and two blank groups. A total of 18 μL 10 mg/L hCeO2@Cu5.4O NPs was added to the test group and the control group, and after 30 min of immersion in 37°C water bath, the absorbance value was measured at 560 nm, which was recorded as A test, A control, A blank 1, and A blank 2, respectively. The inhibition rate and SOD activity were calculated from the above-mentioned values.

CAT is an enzyme that mainly scavenges H2O2, and the absorbance value at 240 nm of the reaction solution changes when H2O2 is decomposed, thus calculating the CAT activity. Specifically, the CAT detection working solution was bathed at 37°C for 10 min, and 1 mL of the above-mentioned liquid was added to 35 μL of 10 mg/L hCeO2@Cu5.4O NPs. After mixing, the absorbance value at 240 nm was measured immediately, and then the absorbance value after 1 min was measured, and the CAT activity was calculated according to the absorbance value.

The total antioxidant level of the nanoparticles was determined. The total antioxidant capacity of the samples was calculated by measuring the amount of Fe3+-TPTZ reduced to Fe2+-TPTZ in an acidic environment. Furthermore, 6 μL 10 mg/L hCeO2@Cu5.4O NPs was mixed with 180 μL working solution and 18 μL distilled water, and the 593-nm absorbance value was measured after reacting at room temperature for 10 min. The 593-nm absorbance value was measured after the working solution without nanoparticles was mixed with distilled water for 10 min and substituted into the formula to determine the total antioxidant capacity.




2.5 Determination of intracellular ROS

The ROS assay kit (Beyotime, Shanghai) was used to measure the ROS in cells treated with lipopolysaccharide (LPS) and nanoparticles. In short, RAW 264.7 cells were seeded into six-well plates at 3 × 104 cells per well and divided into six groups: the first group was the blank control group. The second group was treated with P.g-LPS (1 μg/mL) for 3 h to establish an in vitro inflammation model. The third group was pretreated with cathepsin B inhibitor (CA-074Me) for 2 h and then treated with LPS for 3 h as a positive control group. Four to six groups were treated with P.g-LPS followed by the addition of safe concentrations (10 mg/L) of the three groups of drugs for 24 h. The medium containing nanoparticles was then replaced with serum-free medium supplemented with 10 uM DCFH-DA and incubated at 37°C for 30 min. The cells were washed three times with serum-free medium and placed under an inverted fluorescence microscope for observation.




2.6 Cell culture

Mouse leukemia cells of monocyte macrophage (RAW264.7) were purchased from American Type Culture Collection (ATCC, Manassas, VA, USA) and cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS). The L929 cell line was purchased from ScienCell (SanDiego, CA, USA) and cultured in DMEM with 10% FBS, 10,000 U/mL penicillin, and 10 mg/mL streptomycin. All cell lines were cultured at 37°C in an incubator with 5% CO2. The cells were passaged when the cell density reached 80%–90%.




2.7 Cytotoxicity assay



2.7.1 Cytocompatibility test

The cytotoxicity of the nanoparticles was evaluated by using Cell Counting Kit-8 (Shanghai St Er), and the safe concentration was screened for subsequent experiments. L929 cells were seeded into 96-well plates at 5 × 103 cells per well. After cell adhesion, different concentrations (10, 20, 30, 40, and 50 mg/L) of nanoparticles were added to the culture for 24, 48, and 72 h. The medium-containing nanoparticles were removed and washed three times with PBS. Then, 10% CCK8 reagent was added, and the cells were incubated in an incubator at 37°C for 0.5–3 h in the dark. The absorbance at 450 nm was then determined using a microplate reader (Bio-Tek, Winooski, VT, USA). Five parallel wells were set up for each group, and the experiment was repeated three times.

After treatment of the nanoparticles, the cells were washed three times with PBS and incubated with calcian-AM and PI for 30 min before being observed under a fluorescence inverted microscope.




2.7.2 Hemolysis test

For the hemolysis assay, fresh blood was collected from mice and added with anticoagulant and saline to test the hemolytic potential of nanoparticles. Blood diluted with distilled water was used as a positive control, and blood diluted with saline was used as a negative control. The cells were incubated at 37°C for 4 h and centrifuged at 2,500 RPM for 10 min, the supernatant was removed, and the absorbance at 545 nm was recorded using a microplate reader. Hemolysis rates were calculated according to the following formula:

[image: Hemolysis rate equation: (OD\(_{exper}\) - OD\(_{negative}\)) / (OD\(_{positive}\) - OD\(_{negative}\)), where OD represents optical density.]	

where ODexper, ODnegative, and ODpositive represent the measured absorbance of the nanoparticle sample, negative control, and positive control, respectively.




2.7.3 Cytocompatibility test with LPS and hCeO2@Cu5.4O co-treatment

To assess the toxicity of the combined treatment with LPS and nanoparticles (10 mg/L), CCK8 was used to evaluate the cytotoxicity. RAW cells were seeded into 96-well plates at a density of 5 × 103 cells per well. After cell adhesion, LPS was added to treat the cells for 3 h, and then the cells were treated with the medium containing 10 mg/L nanoparticles for 24/48/72 h. After removal of the medium, the cells were washed three times with PBS, and the cells were added with 10% CCK8 reagent and incubated at 37°C in the dark for 0.5–3 h. The absorbance at 450 nm was measured using a microplate reader. To assess the effect of nanoparticles on absorbance at 450 nm, 100 uL of 10 mg/L hCeO2@83%Cu5.4O, hCeO2@67%Cu5.4O, and hCeO2@50%Cu5.4O was added to a 96-well plate. CCK8 reagent was added to a concentration of 10% and incubated at 37°C in the dark for 0.5–3 hours. The absorbance at 450 nm was measured using a microplate reader. Five parallel wells were set up for each group, and the experiment was repeated three times.





2.8 Uptake and intracellular localization of hCeO2@Cu5.4O NPs

After 24 h of treatment with hCeO2@Cu5.4O NPs, RAW264.7 cells were washed three times with PBS, and cell precipitates were collected. These were fixed with 2.5% glutaraldehyde at 4°C for 24 h, washed three times with PBS, and then fixed with 1% osmic acid for 1 to 2 h. Finally, the samples were dehydrated with gradient concentrations of ethanol and propanol and were treated overnight with an embedded agent. The sections were then double-stained with lead citrate–uranyl acetate, and the slices were imaged using Hitachi HT-7800.




2.9 Real-time PCR

Cells were grouped and treated as in Section 2.5. Then, the expressions of NLRP3 pathway-relative factors, TNF-α and TGF-β, were measured using quantitative real-time PCR. We also determined gene expression in cells treated with LPS and nanoparticles for 12 h as well as nanoparticles alone for 24 h.

The total RNA of RAW264.7 was extracted by using RNA-Easy (Vazyme). RNA was reverse-transcribed into cDNA using a reverse transcription kit (ABScript III RT Master Mix for qPCR with gDNA Remover, ABclomal). RT-qPCR was performed using Universal SYBR Green Mix (ABclomal), cDNA, and primers under the following conditions: 95°C for 5 s and 60°C for 30 s with 40 cycles. β-Actin was an internal control of genes. Data results were analyzed with 2−ΔΔCt. The primer sequences were as shown in Table 1.

Table 1 | Primer sequences used in this study.


[image: Table listing genes with their forward and reverse sequences. Genes include β-Actin, IL-1β, IL-18, CTSB, NLRP3, ASC, Caspase-1, TNF-α, and TGF-β. Each gene has unique sequences for forward and reverse columns, denoted in the 5' to 3' direction.]



2.10 Western blot assay

The cells were grouped and treated as in Section 2.5. After 24 h of treatment with nanoparticles, total proteins were extracted using RIPA buffer (Elabscience Biotechnology Co., Ltd.). The proteins were separated using 10% gel (Epizyme, shanghai) and then transferred to PVDF membranes (Solarbio, Beijing). After blocking with fast blocking western (Solarbio, Beijing) for 10 min at room temperature, PVDF membranes were incubated with primary antibodies (CST, 1:1,000) overnight at 4°C. β-Actin (Elabscience, 1:1,000) was used as an internal reference. The membranes were then incubated with the secondary antibody HRP goat anti-rabbit IgG (Elabscience, 1:5,000) for 1 h. Finally, each group of proteins was detected using electrochemiluminescent ECL reagents. The protein bands were quantified using Image software.




2.11 Immunofluorescence

RAW264.7 was seeded on the coverslips of a 24-well plate at a density of 5 × 104 cells per well, treated as described above, washed three times with PBS, and then post-fixed with 4% paraformaldehyde (Elabscience, Wuhan) for 15 min, followed by permeabilization with 0.2% Triton X-100 for 15 min and blocking with 10% blocking serum (Solarbio, Beijing) for 60 min. Anti-CTSB primary antibody (CST, 1:500) was applied to the cells and left overnight at 4°C. The cells were then treated in the dark with secondary antibody FITC conjugated goat anti-rabbit IgG (Elabscience, 1:100) for 1 h. Finally, DAPI staining solution (Solarbio, Beijing) was added for 10 min at room temperature. Subsequently, the DAPI staining solution was removed, and the cells were washed with PBS, blocked, and observed using an inverted fluorescent microscope.




2.12 Enzyme-linked immunosorbent assay

After completion of the cell treatment, the cell supernatant fluid was collected. IL-18 and IL-1β content, respectively, in cell supernatant fluid were determined using an enzyme-linked immunosorbent assay (ELISA) kit (Reed Biotech, Wuhan) according to the manufacturer’s instructions.




2.13 Statistical analysis

All experiments were repeated three times, and data were analyzed using one-way ANOVA and Tukey’s multiple-comparison test in GraphPad software, with a single asterisk indicating significant differences between data (p< 0.05) and two and more asterisks indicating a strong difference between data (p< 0.01). The data in the graphs represent mean ± standard deviation.





3 Results and discussion



3.1 Characterization

From the transmission electron microscopy (TEM) images and particle size analysis (Figures 1A, B), it can be seen that the synthesized Cu5.4O NPs were homogeneously dispersed and morphologically uniform in solution, mostly between 3 and 5 nm in diameter. As shown in Figures 1C, D, the oxidation state of copper was studied by X-ray diffraction (XRD) pattern and X-ray photoelectron spectroscopy (XPS). The dominant peaks 2θ = 43.3°, 50.4°, and 74.2° correspond to (111), (200), and (220) in the copper lattice structure, and the other peaks 2θ = 29.6°, 36.4°, 42.3°, and 61.3° correspond to (110) (111), (200), and (220) in the copper oxide lattice structure, respectively. The XPS spectrum of the Cu5.4O NPs in Figure 1D also suggested that Cu5.4O NP was a mixture of Cu NPs and Cu2O NPs, and the ratio of Cu to Cu2O can be calculated to be approximately 3.4 based on the peak area and mass fraction of both. All of the above-mentioned data were consistent with previous reports in the literature (16, 24).

[image: (A) TEM image of Cu₅.₄O nanoparticles with a scale of 20 nm. (B) Histogram showing size distribution of nanoparticles, peaking around 4 nm. (C) XRD pattern indicating peaks for Cu and Cu₂O at various angles. (D) XPS spectra showing binding energy curves for Cu₂O, Cu, and Cu₅.₄O, with Cu₅.₄O having the highest peak.]
Figure 1 | Characterization of Cu5.4O nanoparticles. (A) TEM images. (B) Particle size distribution. (C) XRD analysis. (D) XAES spectra.

The TEM images of hCeO2 and hCeO2@Cu5.4O NPs are shown in Figures 2A–D. In Figure 2A, it can be seen that hCeO2 has an obvious hollow structure and a rough surface with a diameter of approximately 80–100 nm. Figures 2B–D were hCeO2@83%Cu5.4O NPs, hCeO2@67%Cu5.4O NPs, and hCeO2@50%Cu5.4O NPs, respectively. Figures 2B–D showed that hCeO2 doped with Cu5.4O NPs does not change the hollow form of hCeO2, and there were scattered Cu5.4O NPs around hCeO2. According to DLS data (Figure 2E), the average particle size of hCeO2@83%Cu5.4O NPs is approximately 140.3 nm, the zeta potential of hCeO2@83%Cu5.4O NPs, hCeO2@67%Cu5.4O NPs, and hCeO2@50%Cu5.4O NPs is -6.08, -6.21, and -5.59 mV, respectively (Figure 2F). The zeta potential is closely related to the stability of the dispersion. In general, the greater the absolute value of the zeta potential, the better the stability of the dispersion (25). As shown in Figure 2G, the XRD test of the synthesized hCeO2 NPs was consistent with the typical cerium spectra (JSPDS-34-0394), confirming its cubic fluorite structure. It is noteworthy that the XRD tests of three other samples doped with different proportions of Cu5.4O NPs were also consistent with hCeO2 NPs, which indicated that Cu5.4O NPs was in a highly dispersed or doped state into the hCeO2 NPs lattice or the yield of Cu5.4O NPs in the mixed product of both is relatively low. As shown in Figure 2H, the elemental valence states of hCeO2 NPs were analyzed, and the peaks at 885.0 and 903.5 eV in the XPS test belong to Ce3+, the peaks at 882.1, 888.1, 898.5, 900.9, 906.4, and 916.4 eV were in Ce4+, and the coexistence of the two indicates that it has peroxidase-mimicking activity and superoxide dismutase mimetic activity potential. In addition, after quantitative calculations, the percentage of Ce3+ in hCeO2 was 27.64%, and the percentages of Ce3+ in hCeO2@50%Cu5.4O NPs, hCeO2@67%Cu5.4O NPs, and hCeO2@83%Cu5.4O NPs were 31.68%, 35.17%, and 36.95%, respectively. The content of Ce3+ showed an increasing tendency with the increase of Cu5.4O NP incorporation.

[image: Transmission electron microscopy images (A-D) show \(h\text{CeO}_2\) with different copper oxide percentages: 0%, 83%, 67%, and 50%. Graph E plots size distribution by intensity for \(h\text{CeO}_2@83\%\text{Cu}_5.4\text{O}\). Chart F depicts zeta potential values for three samples. Graph G shows X-ray diffraction patterns, while H displays X-ray photoelectron spectroscopy analysis for cerium oxidation states in samples.]
Figure 2 | Characterization of hCeO2 and hCeO2@Cu5.4O nanoparticles (NPs). (A) TEM image of hCeO2 NPs. (B) TEM image of hCeO2@83%Cu5.4O NPs. (C) TEM image of hCeO2@67%Cu5.4O NPs. (D) TEM image of hCeO2@50%Cu5.4O NPs. (E) Particle size distribution of hCeO2@83%Cu5.4O NPs. (F) Zeta potential analysis of hCeO2@Cu5.4O NPs. (G) XRD analysis of hCeO2@Cu5.4O NPs. (H) XPS analysis of hCeO2@Cu5.4O NPs.

ROS play an important role in the development of inflammation by inducing oxidative stress. It has been documented that ROS activates NF-κB signaling and NF-κB, as an upstream signaling molecule, stimulates histone TB release and NLRP3 inflammasome activation and promotes the aggregation of inflammatory cells and the expression of inflammatory factors (26, 27). Therefore, scavenging ROS is crucial for inflammatory diseases, and nanomaterials with enzyme-mimicking activity have excelled in the field of scavenging ROS in recent years. Therefore, various enzymatic activities and total antioxidant properties of the nanoparticles were further investigated.

CeO2 NPs have attracted much attention as a nano-enzyme, which has good biocompatibility and a variety of enzyme mimetic activities (28). The antioxidation property of CeO2 NPs is mainly related to the coexistence of two valence states (Ce3+/Ce4+) on cerium surface and mainly depends on the proportion of valence states (29). Superoxide dismutase (SOD), an enzyme capable of scavenging superoxide anion, is considered as a ROS detoxification enzyme because it can convert superoxide anion to H2O2 with low oxidation efficiency (30). The SOD enzymatic pseudo-activity of CeO2 NPs is achieved by the valence state conversion of Ce3+ (reduced state) and Ce4+ (oxidized state). The superoxide anion oxidizes Ce3+ to Ce4+, and the superoxide anion is reduced to H2O2. CAT enzyme mimetic activity is accomplished by the reaction of Ce4+ with H2O2 and its decomposition to H2O and O2, which protects cells from H2O2 damage while Ce4+ is converted to Ce3+ (31). This ability to switch between two oxidation states, Ce3+ and Ce4+, endows CeO2 NPs with regenerative properties.

There have been many studies utilizing Ce3+/Ce4+ interconversion on the surface of CeO2 NPs to scavenge ROS for the treatment of arthritis and inflammatory bowel disease (32–34). It has been suggested that the mechanism of CeO2 NP antioxidant is related to the presence of Ce3+, which makes the oxygen vacancies come out (35). It was reported that as the particle size of CeO2 NPs decreases, the Ce3+ on its surface gradually increases and its antioxidant effect is enhanced (35). Another research found that cerium dioxide nanocubes (0.17 μg/mL) containing a higher amount of Ce3+ (63%) were more effective in the ROS scavenging efficiency in HUVEC than that of CeO2 NPs (2.0 μg/mL) with a lower percentage of Ce 3+ (49%) than on the surface (36). Thus, the higher the Ce3+/Ce4+ on the CeO2 NP surface, the higher the concentration of defects and oxygen vacancies in the lattice with higher superoxide dismutase mimetic activity, and the better it is able to cope with oxidative stress and inflammatory diseases. As shown in Figure 2H, the doping of Cu5.4O NPs increased the Ce3+ content of hCeO2@Cu5.4O NPs. When the Cu/(Ce+Cu) molar ratio was 83%, the Ce3+ content of hCeO2@Cu5.4O NPs was 36.95%, which was an increase of 9.31% compared with that of hCeO2 NPs, which was more favorable for the scavenging of ROS, leading to better treatment of inflammatory diseases.

Cu, as a trace element in the human body, participates in many enzymatic reactions and brings a large surface area to volume ratio due to its small size, which leads to the appearance of surface effects (37). As for the antioxidant properties of Cu5.4O NPs, a study conducted XPS tests before and after its treatment with H2O2 and showed that the two peaks corresponding to Cu+ and Cu0, Cu 2p2/3 and Cu2p1/2 were not shifted, and a few new peaks appeared. Therefore, it is speculated that the ROS scavenging performance of Cu is mainly attributed to its inherent multi-enzyme mimetic properties (16). In one study, Cu5.4O NPs were found to protect cells from 250 μM H2O2 at a very low concentration (25 ng/mL), and the mRNA levels of antioxidant genes were all significantly increased in the kidneys of Cu5.4O NP-treated mice. The phosphorylation of NF-κB and IκB was significantly reduced. The expression of NF-κB signaling pathway downstream inflammatory factor expression was also decreased, suggesting that Cu5.4O NPs could protect renal tissues from oxidative stress by reducing the production of pro-inflammatory factors (16). It has also been shown that Cu5.4O NPs were combined with hydrogels to investigate their effects on wound healing, and the results indicated that Cu5.4O@Hep-PEG inhibited the expression of pro-inflammatory factors, scavenging of ROS, and promoting wound healing. In addition, Cu5.4O@Hep-PEG also promoted cellular cell proliferation as well as angiogenesis due to the presence of Cu5.4O NPs (38).

In this study, as shown in Figure 3A, the SOD performance decreases with the reduction of Cu5.4O NP doping, so we speculated that the SOD activity of Cu5.4O NPs plays a major role in the composite particles, Alternatively, when the amount of doped Cu is less, the less Ce4+ is reduced to Ce3+. In Figures 3B, C, the three groups of different proportions of nanoparticles showed great CAT and total antioxidant properties, with the best CAT and total antioxidant properties at a molar ratio of (Cu/Ce+Cu) of 67%. Simple hCeO2 and Cu5.4O NPs showed good enzymatic activity, and Cu+ was easy to react with Ce4+ to generate Ce3+ and Cu2+ after Cu5.4O NP doping. From the discussion above, it can be seen that when the ratio of Ce3+/Ce4+ is large, CeO2 NPs showed better SOD mimics activity. Therefore, when the molar ratio of Cu/(Ce+Cu) was 83%, the nanoparticles exhibited the most excellent SOD-mimicking activity, which is more conducive to scavenging ROS, eliminating oxidative stress, and treating inflammatory diseases.

[image: Bar charts labeled A through D show enzyme activities: SOD, CAT, T-AOC, and ROS positive area percentage for different treatments with hCeO₂ and Cu₅.₄O compositions. Below, microscopic images labeled E display bright field, ROS, and merged views of cells under Control, LPS, and various LPS plus treatment conditions, illustrating effects on ROS levels.]
Figure 3 | Ability of hCeOh@Cu5.4O nanoparticles (NPs) to scavenge reactive oxygen species (ROS). (A) SOD enzymatic activities of hCeOh@Cu5.4O NPs. (B) CAT enzymatic activities of hCeOh@Cu5.4O NPs. (C) T-AOC enzymatic activities of hCeOh@Cu5.4ONPs. (D, E) Intracellular ROS levels in RAW 264.7 cells treated with lipopolysaccharide (LPS) alone and the combined application of 10 mg/L hCeOh@Cu5.4ONPs. Scale bar: 50 mm. (n=3; ns: no significance.)




3.2 hCeO2@Cu5.4O NPs protect RAW264.7 cells from ROS damage

ROS are inevitable by-products of cellular metabolism, including superoxide anion (O2•−), hydroxyl radical (•OH), hydrogen peroxide (H2O2), etc., but endogenous ROS are extremely susceptible to interact with biomolecules and cause intracellular oxidative stress and DNA damage (39, 40). Oxidative stress, in general, can trigger inflammation, and excessive inflammation can, in turn, cause oxidative stress, inducing damage to cellular and tissue structure and function (41). In addition, it has been shown that ROS promotes the disruption of lysosomal membrane integrity and lysosomal membrane permeabilization (LMP) by initiating phospholipase A2 and activating lysosomal Ca2+ channels to allow the leakage of intra-lysosomal enzymes such as CTSB into the cytoplasm (42). Furthermore, ROS activates NF-κB signaling, and NF-κB, as an upstream signaling molecule, stimulates histone TB release and NLRP3 inflammasome activation and promotes the aggregation of inflammatory cells and the expression of inflammatory factors (26, 27). In summary, ROS plays an important role in the development of inflammation by inducing oxidative stress, increasing lysosomal membrane permeability to promote CTSB release, and activating NLRP3 inflammasomes, thereby promoting inflammation. Therefore, scavenging ROS is crucial for inflammatory diseases, and nanomaterials with enzyme-mimicking activity have excelled in the field of scavenging ROS in recent years.

In this study, we determined ROS scavenging due to the antioxidant properties of hCeO2@Cu5.4O. As shown in Figures 3D, E, the ROS levels were confirmed by using inverted fluorescence microscopy, and the results showed that the fluorescence intensity of cells treated with nanoparticles was reduced, and there was no significant statistical difference between the cells treated with the three groups of nanoparticles and the CA-074Me-treated group. We thus demonstrated that nanoparticles are able to scavenge ROS in vitro.




3.3 Biosafety assessment

Studies have shown that nanoparticles, especially metal-based nanoparticles, may cause a variety of adverse reactions in cells, such as oxidative stress and cell death (43). As a novel nanomaterial, biosafety evaluation is essential for biomedical applications. Previous studies have shown that hollow cerium dioxide has no significant cytotoxicity at concentrations ranging from 0 to 200 mg/L (24). However, studies on the toxicity of Cu5.4O NPs are limited, with articles stating no significant cytotoxicity at 600 ng/mL (38).

In this experiment, cytocompatibility and blood compatibility were used to analyze the biocompatibility of nanoparticles. In the CCK8 assay, L929 was used to evaluate the cytocompatibility of the nanoparticle. Figures 4A–C were the results of the CCK8 experiment with the molar ratio of (Cu/Ce+Cu) of 83%, 67%, and 50%, respectively. It can be seen that, with the decrease of Cu5.4O NPs, the activity of cells treated with nanoparticles increases gradually, which indicated that the toxicity of nanoparticles was mainly attributed to the doped Cu5.4O NPs. In addition, in each group, the cytotoxicity of 0–50 mg/L nanoparticles was tested. The results showed that all three groups of nanoparticles showed excellent cytocompatibility within 24 h, and no significant difference was observed. However, at 48 and 72 h, significant cytotoxicity was observed when the concentration was higher than 10 mg/L, and the cytotoxicity increased with the increase of the concentration. Similar results were obtained with live or dead staining (Figure 4E). With respect to blood compatibility, the hemolysis results (Figure 4D) showed good blood compatibility of the nanoparticles. In conclusion, our synthesized nanoparticles showed excellent biocompatibility at 10 mg/L, and a safe concentration of 10 mg/L was used for all three proportions of drugs in subsequent experiments.

[image: Bar charts A, B, and C show cell viability percentages at different concentrations of hCeO₂@CuxO over time. Chart D displays hemolysis percentages, with a photo insert showing test tubes. Panel E contains fluorescence microscopy images comparing cell response at 10 mg/L and 20 mg/L for various hCeO₂@CuxO compositions.]
Figure 4 | Biocompatibility of hCeO2@Cu5.4O nanoparticles (NPs). (A–C) The 24, 48-, and 72-h cytocompatibility of hCeO2@Cu5.4O NPs with the molar ratio of Cu/(Ce+Cu) was 83%, 67%, and 50%, respectively. (D) Blood compatibility of hCeO2@Cu5.4O NPs. (+) and (-) represent positive and negative controls, respectively. (E) Live/dead fluorescence staining images of fibroblasts treated with nanoparticles for 24 and 48 h. Data represent mean ± SD (n = 5; ns: no significance; * represents significant differences. *P< 0.05, **P < 0.005, ***P < 0.0005, ****P < 0.0001).

However, it has been reported that nanoparticles may interfere with the results of conventional toxicity measurement through different mechanisms (44–46), such as the absorption and scattering of light at a certain wavelength by nanoparticles or the reaction with substrates to interfere with the absorbance value. In order to exclude the possible interference of nanoparticles on the assay, firstly, we removed the medium containing nanoparticles and cleaned it with PBS before the assay. Secondly, considering the interference of nanoparticles entering the cells, we tested the effect of nanoparticles on the absorbance value of the CCK8 reagent (Figure 5A). The results showed that there was no difference in absorbance compared with the CCK8 reagent without nanoparticles.

[image: Graphs A, B, C, and D show cell viability and absorbance for different treatments with cerium oxide (CeO2) and copper oxide (Cu5.4O) particles, with and without lipopolysaccharide (LPS). No significant differences are observed in some comparisons. Part E features transmission electron microscopy images of cells treated with different CeO2@Cu5.4O formulations, highlighting cellular interactions with particle aggregates at scales of 200 nanometers and 2 micrometers.]
Figure 5 | Biocompatibility of hCeO2@Cu5.4O nanoparticles (NPs) treated with lipopolysaccharide (LPS). (A) Absorbance values of the culture medium containing hCeO2@Cu5.4O NPs added with CCK8 reagent at 450 nm. (B–D) Cell viability of RAW264.7 cells treated with LPS and hCeO2@Cu5.4O NPs for 24, 48, and 72 h. (E) Bio-TEM images of hCeO2@Cu5.4O NP cellular uptake. (n=3; ns: no significance; *p<0.05.)

In the subsequent experiments, LPS and hCeO2@Cu5.4O NPs were used to treat the RAW 264.7 cells, so we also conducted a toxicity test for LPS and hCeO2@Cu5.4O NP co-treatment. The results are shown in Figures 5B–D. The cell viability was increased after 1-ug/mL LPS treatment, which was consistent with the previous literature (47), but there was no significant statistical difference. There was no significant change in cell viability after adding 10 mg/L nanoparticles compared with the LPS group. The toxicity of nanoparticles depends on many factors, including their chemical composition, size, and surface properties. It has been reported that the toxicity of metal nanoparticles is mainly derived from the metal ions released from them, and exceeding a certain concentration of metal ions may increase the production of intracellular ROS and the occurrence of cytotoxicity (48, 49). However, in this study, the nanoparticle concentration of 10 mg/L was not toxic to RAW 264.7 at 24, 48, or 72 h.




3.4 Uptake of hCeO2@Cu5.4O NPs in RAW264.7 macrophages

Immune cells are the first barrier for nanoparticles to penetrate into cells (50). It is necessary to study the uptake of nanoparticles by macrophages, which is essential for nanoparticles to exert their effects and potentially induce a toxic response. Studies have reported the presence of nanoparticles in the endosome after a 3-h incubation period with cells, forming relatively large and dense aggregates (50). Furthermore, nanoparticles were detectable in the cytoplasm after 24 h (51). Some research suggested that nanoparticles continue to degrade within the cells over time (52).

In our study, we took TEM images of cells treated with nanoparticles for 24 h. As shown in Figure 5E, the nucleus and the cytoplasm were clearly visible in the image, and the nanoparticles can be observed in the cytoplasm. The cell membrane folds and fuses to internalize the nanoparticles, and vesicles that internalize nanoparticles, as well as vesicles that internalize particle aggregates, can also be observed in the cytoplasm. This could also indicate that, at the concentration of 10 mg/L, hCeO2@Cu5.4O NPs can enter the cells and provide evidence for the intracellular anti-inflammatory effect. However, some studies have shown that with the increase of nanoparticle concentration, the number and volume of intracellular vesicles increase, which may hinder the function of other organelles and eventually lead to cell death (53). In this study, combined with the screening of the safe concentration of hCeO2@Cu5.4O NPs in the previous 24-, 48-, and 72-h CCK8 experiment, the follow-up anti-inflammatory study could be carried out on the premise that the concentration of 10 mg/L was relatively able to ensure the cell activity.




3.5 hCeO2@Cu5.4O NPs reduce NRLP3 inflammasome activation and inflammatory factor expression by reducing CTSB release



3.5.1 Reduced protein expression of CTSB in RAW264.7

The inflammatory cascade initiated by LPS via the toll-like receptor 4/CD14 receptor complex (TLR4) plays a crucial role in LPS-stimulated inflammatory responses. TLR4 recognizes and binds LPS, recruiting and activating the downstream molecule NF-κB, which enters the nucleus and induces the transcription of NLPR3, IL-18, and IL-1β, leading to the release of pro-inflammatory mediators as well as inflammation generation and development (1, 54). Inflammation is a defensive response that protects the host from harmful stimuli of endogenous and exogenous origin. On the other hand, infiltration of inflammatory cells and accumulation of inflammatory factors disrupt the structure and function of normal tissues and promote the development of a variety of inflammatory disorders (1, 55). The NLRP3 inflammatory vesicle plays an important role in the activation of caspase-1 and the subsequent release of inflammatory factors. In a mouse model of periodontitis, researchers found that the knockdown of NLRP3 prevented IL-1β release and inhibited osteoclast differentiation, implying that inflammasome may be closely related to the pathological process of periodontitis (56). There are also many studies showing that NLRP3 is also capable of inducing different aseptic inflammatory disorders, more so than atherosclerosis, lung inflammation due to mechanical distraction, and drug-induced hepatitis (57–59). CTSB, as a class of proteases, is mainly found in lysosomes. However, under certain specific circumstances, lysosomal membrane permeability is enhanced and CTSB is released, thus participating in many pathological mechanisms, especially playing an important role in the development of inflammatory diseases. CTSB has been proposed to promote NLRP3 activation and inflammatory factor production. It has been shown that the expression of CTSB, NLRP3, IL-18, and IL-1β was upregulated in PA-induced inflammation, while the above-mentioned molecules are not significantly different from control after the addition of CTSB inhibitors (60). Therefore, CTSB may regulate IL-18\IL-1β secretion by regulating the NLRP3 inflammasome. In another study, it was found that CTSB/NLRP3 expression was increased in cerulein-induced pancreatitis, and the addition of CA-074Me not only inhibited CTSB activity but also downregulated NLRP3, ASC, and caspase-1 expression. The levels of IL-18 and IL-1β were also significantly reduced in the CA-074Me addition group compared with the control group (61).

In this study, we investigated the expression and interrelationships of CTSB, NLRP3, ASC, and caspase-1 in mouse macrophages in order to understand the possible molecular mechanism of nanoparticles in the inflammatory pathway. The RNA expression of each component of the CTSB–NLRP3 pathway and inflammatory factors IL-18 and IL-1β was evaluated. Our results suggested that LPS-induced cellular inflammation was associated with the CTSB–NLRP3 pathway and that hCeO2@Cu5.4O NPs can alleviate the inflammatory response by inhibiting this signaling pathway.

We used the group of LPS-stimulated cells with inflammatory response as a positive control group. Figure 6A shows the Western blot bands and quantitative analysis plots, respectively. We found that LPS stimulation significantly increased the CTSB protein levels, which were significantly reduced after nanomaterial treatment, and the most significant protein reduction was observed when the molar ratio Cu/(Ce+Cu) was 83% (hCeO2@83%Cu5.4O). The localization of CTSB in mouse macrophages was also examined (Figure 6B). DAPI was used to show the nucleus marked as blue fluorescence, while CTSB is marked as green fluorescence. The fluorescence images showed an increase in CTSB after LPS stimulation and a decrease in CTSB after nanoparticle treatment. Therefore, we hypothesized that nanoparticles improved the inflammatory response induced by LPS stimulation by reducing the release of CTSB and that hCeO2@83%Cu5.4O inhibited the release of CTSB best.

[image: Western blot and fluorescence images showing CTSB expression. Panel A shows Western blot bands for CTSB and β-actin, with a bar graph quantifying relative expression under different conditions. Panel B displays fluorescence images of cells stained for CTSB (green) and nucleus (blue) with controls and various treatments.]
Figure 6 | hCeO2@ Cu5.4O nanoparticles (NPs) reduce lipopolysaccharide (LPS)-induced CTSB release in RAW264.7 cells. (A) Western blot analysis of CTSB protein expression upon RAW264.7 cells treated with 1 μg/mL LPS and hCeO2@Cu5.4O NPs for 24 h. Data are presented as mean ± SD from three independent experiments. n = 3; * represents significant differences. **P< 0.005. (B) CTSB immunofluorescent staining.




3.5.2 Inhibiting the CTSB–NLRP3 signaling pathway in LPS-stimulated inflammation model

The specific mechanism of NLRP3 inflammasome activation is still unclear, and the widely accepted model is the double signal model. First, the above-mentioned LPS or other microbial molecules stimulate as the first signal, upregulating the expression of NLRP3 and IL-1β through the transcription factor NF-κB. Signal two can be provided by many stimuli, including ATP, ROS, oxidized mtDNA, K+ efflux, lysosomal rupture, CTSB, etc. Among them, CTSB is a lysosomal enzyme that is widely expressed in mammalian cells and is a marker of lysosome-specific damage (62). When the integrity of the lysosomal membrane is disrupted, lysosomal enzymes such as CTSB leak into the cytoplasm, leading to a series of cellular homeostasis imbalances, pathological processes, and cell apoptosis. Studies have found that in microglial cells, CTSB can chronically activate the NF-κB signaling pathway by degrading IκBα (63); and other studies have found that chemical inhibitors of tissue protease B, such as CA-074Me, can inhibit NLRP3 activation, leading to the conclusion that CTSB can affect NLRP3 in different ways, including inhibiting the activation of NF-κB, reducing the expression of NLRP3 genes, and inhibiting the activation of NLRP3 (64, 65).

As shown in Figures 7A–D, NLRP3, ASC and caspase-1 expression increased after LPS treatment and decreased after the addition of CA-074Me, indicating that the reduction of CTSB reduced the expression of NLRP3 inflammasome. The addition of nanomaterials also reduced the NLRP3 inflammasome components, indicating that nanomaterials reduce the expression of NLRP3 inflammasome by inhibiting CTSB and reduce the release of inflammatory factors, thereby reducing the inflammatory response. Moreover, when the Ce/Cu ratio was 0.2 (hCeO2@83%Cu5.4O), the effect on inflammation was the best, and with the decrease of Cu doping, the inhibitory effect on inflammation was weakened. In addition, Figures 7E–H show the gene expression of cells treated with LPS and nanoparticles for 12 h. The results show that the anti-inflammatory effect of cells treated with LPS and nanoparticles for 12 h is about the same as that of cells treated for 24 h, but the anti-inflammatory effect is not as good as that treated with LPS for 24 h. As shown in Figures 7I–L, to further understand the effect of nanoparticles on the CTSB–NLRP3 signaling pathway, we treated cells with nanoparticles only for 24 h and that hCeO2@Cu5.4O showed an obvious inhibitory effect to NLRP3 inflammasome-related factor gene expression. From the above-mentioned experiments, hCeO2@83%Cu5.4O NPs had the best effect.

[image: Bar graphs A to L showing levels of mRNA expression for Cathepsin B, NLRP3, ASC, and Caspase-1 across different treatments: Control, LPS, LPS with CA-074Me, and various concentrations of \(hCeO_2@Cu_5.4O\). Significance is indicated by asterisks and hashes, with annotations like *** and #### denoting varying levels of significance and non-significance labeled as ns.]
Figure 7 | Inhibiting the CTSB–NLRP3 signaling pathway in a lipopolysaccharide (LPS)-stimulated inflammation model. (A–D) mRNA expression of IL-18, IL-1b, CTSB, NLRP3, ASC, and caspase-1 in RAW264.7 cells treated with LPS and hCeO2@Cu5.4O nanoparticles (NPs) for 24 h. (E–H) mRNA expression of IL-18, IL-1β, CTSB, NLRP3, ASC, and caspase-1 in RAW264.7 cells treated with LPS and hCeO2@Cu5.4O NPs for 12 h. (I–L) mRNA expression of CTSB, NLRP3, ASC, and caspase-1 in RAW264.7 cells treated only with hCeO2@Cu5.4O NPs for 24 h.( n = 3; ns: no significance; * and # represent significant differences. **P < 0.005, ***P < 0.0005, ****P < 0.0001, #P < 0.05, ##P < 0.005, ###P < 0.0005, and ####P < 0.0001).

We believe the possible reasons for this phenomenon were as follows: (1) Cu in Cu5.4O NPs could reduce Ce4+ to Ce3+. The more Cu5.4O NPs doped, the more Ce3+ is reduced, which exerts better SOD activity and reduces inflammation. (2) The anti-inflammatory effect of Cu5.4O NPs: Their ultra-small size and more active site exposure give them ultra-high antioxidant capacity. The particle size of Cu5.4O NPs was mostly 3–5 nm, which belongs to ultra-small nanoparticles. It has been reported that it can enter the mitochondrial permeability transition pore, thus maintaining the normal function of the mitochondria and alleviating oxidative stress. It can also enter the cells to play a role through phagocytosis (16). Thus, the increase in Cu5.4O NPs increases its antioxidant and anti-inflammatory effects.

In general, LPS can stimulate macrophages to M1 polarization, recruit inflammatory cells, secrete inflammatory factors, and facilitate the clearance of pathogens. M2 macrophages play an important role in resolving inflammation and tissue repair (66). We also tested the effect of hCeO2@Cu5.4O NPs on the gene expression of TNF-α and TGF-β, and as shown in Figures 8B, C, hCeO2@Cu5.4O NPs were able to reduce the expression of TNF-α and increase the expression of TGF-β, further suggesting that hCeO2@Cu5.4O NPs may alleviate inflammation by promoting macrophage polarization to M2 type.

[image: Diagram and bar charts analyzing the impact of various treatments on inflammatory markers. A shows a pathway of LPS-induced NF-κB activation leading to inflammation. B, C, D, and E compare mRNA levels of TNF-α, TGF-β, IL-1β, and IL-18, respectively. F and G illustrate the percentage of IL-1β and IL-18 production with treatments including control, LPS, and variations of hCeO₂@Cu₅.₄O. Statistical significance is indicated by symbols (****, **, *, #).]
Figure 8 | Secretion of IL-18 and IL-1β pro-inflammatory cytokines. (A) Schematic representation of hCeO2@Cu5.4O nanoparticles (NPs) on the CTSB–NLRP3 signaling pathway. (B, C) mRNA expression of TNF-a and TGF-β in RAW264.7 cells treated with hCeO2@Cu5.4O NPs for 24 h. (D, E) mRNA expression of IL-18 and IL-1β in RAW264.7 cells treated with hCeO2@Cu5.4O NPs for 24 h. (F, G) Effects of hCeO2@Cu5.4O NPs on the secretion of IL-18 and IL-1β in LPS-induced RAW264.7 cell supernatant. (n = 3; ns: no significance; * and # represent significant differences. *P < 0.05, **P < 0.005, ****P < 0.0001, #P < 0.05, ##P < 0.005, ###P < 0.0005).




3.5.3 The secretion of IL-18 and IL-1β pro-inflammatory cytokines

After activation of NLRP3 inflammasome, pro-IL-18 and pro-IL-1β could be cleaved into mature IL-18 and IL-1β (Figures 8A) (67). As shown in Figures 8D, E, the mRNA expression levels of the inflammatory factors IL-18 and IL-1β were increased in the LPS-treated group, while their expression was decreased by the addition of CA-074Me. These results indicated that CTSB is involved in LPS-induced inflammatory response. The expression levels of all CTSB, IL-18, and IL-1β decreased after adding hCeO2@Cu5.4O, indicating that hCeO2@Cu5.4O may alleviate inflammatory response by inhibiting CTSB.

To evaluate the effect of nanoparticles on the secretion of IL-18 and IL-1β in the culture supernatant of macrophages, the levels of IL-18 and IL-1β in the culture supernatant of RAW 264.7 macrophages were analyzed. As shown in Figures 8F, G, IL-18 production was significantly increased in the LPS group compared with the control group. Compared with the LPS group, the groups treated with different hCeO2@Cu5.4O showed a significant reduction in IL-18 level. However, there was no significant difference in the IL-1β levels among the groups. It has been documented that IL-1β production is dependent on ASC that is not expressed in RAW264.7 (68, 69). Studies have shown that some pro-IL-1β is released into the culture medium after RAW264.7 is stimulated, and most pro-IL-1β is retained in the cells. When co-stimulated with other stimuli, pro-IL-1β and IL-1β are released from the cells together (69). However, other studies have shown that the expression of IL-1β in the supernatant of RAW264.7 cells treated with LPS increased (70, 71). In the future, we need to combine LPS- and NLRP3-specific agonists to further explore the inhibitory effect on IL-1β.






4 Conclusion

In this study, a novel hCeO2@Cu5.4O NPs was prepared by doping different amounts of Cu5.4O NPs into hCeO2 NPs. hCeO2@Cu5.4O NPs has good biocompatibility and excellent ROS scavenging ability. hCeO2 @ Cu5.4O NPs was demonstrated to attenuate the inflammatory response by scavenging ROS, reducing the release of CTSB, and inhibiting the activation of the NLPR3 inflammasome. hCeO2@Cu5.4O NPs could alleviate the inflammatory responses by regulating the CTSB–NLRP3 signaling pathway, where the hCeO2@83%Cu5.4O NPs had the strongest antioxidant and anti-inflammatory effects. This study provides a new idea for nanoparticles to attenuate LPS-induced inflammatory response.





Data availability statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.





Ethics statement

Ethical approval was not required for the studies on animals in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.





Author contributions

YL: Writing – original draft. XX: Writing – review & editing. ZN: Writing – review & editing. KW: Writing – review & editing. JL: Writing – review & editing. XL: 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 China Postdoctoral Science Foundation (2023M732676), Shandong Provincial Natural Science Foundation Youth Project (ZR2021QH251), and Clinical Medicine +X Research Project of Affiliated Hospital of Qingdao University (QDFY+X2021055).





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. Afsar, UA. An overview of inflammation:mechanism and consequences. Front Biol. (2011) 6:274–81. doi: 10.1007/s11515-011-1123-9
	2. Nathan, C, and Ding, AH. Nonresolving inflammation. Cell. (2010) 140:871–82. doi: 10.1016/j.cell.2010.02.029
	3. Weber, C, and Hristov, M. Atherogenesis and inflammation. Hamostaseologie. (2015) 35:99. doi: 10.1055/s-0037-1619816
	4. Singh, N, Baby, D, Rajguru, JP, Patil, PB, Thakkannavar, SS, and Pujari, VB. Inflammation and cancer. Ann Afr Med. (2019) 18:121–6. doi: 10.4103/aam.aam_56_18
	5. Xie, W, and Du, L. Diabetes is an inflammatory disease: evidence from traditional Chinese medicines. Diabetes Obes Metab. (2011) 13(4):289–301. doi: 10.1111/j.1463-1326.2010.01336.x
	6. Algarni, A, Fayomi, A, Al Garalleh, H, Afandi, A, Brindhadevi, K, and Pugazhendhi, A. Nanofabrication synthesis and its role in antibacterial, anti-inflammatory, and anticoagulant activities of AgNPs synthesized by Mangifera indica bark extract. Environ Res. (2023) 231:115983. doi: 10.1016/j.envres.2023.115983
	7. Uchiyama, MK, Deda, DK, Rodrigues, SFD, Drewes, CC, Bolonheis, SM, Kiyohara, PK, et al. In vivo and in vitro toxicity and anti-inflammatory properties of gold nanoparticle bioconjugates to the vascular system. Toxicological Sci. (2014) 142:497–507. doi: 10.1093/toxsci/kfu202
	8. Agarwal, H, Nakara, A, and Shanmugam, VK. Anti-inflammatory mechanism of various metal and metal oxide nanoparticles synthesized using plant extracts: A review. Biomedicine Pharmacotherapy. (2019) 109:2561–72. doi: 10.1016/j.biopha.2018.11.116
	9. Tripathi, P, Tripathi, P, Kashyap, L, and Singh, V. The role of nitric oxide in inflammatory reactions. FEMS Immunol Med Microbiol. (2007) 51:443–52. doi: 10.1111/j.1574-695X.2007.00329.x
	10. Agrawal, G, Aswath, S, Laha, A, and Ramakrishna, S. Electrospun nanofiber-based drug carrier to manage inflammation. Adv Wound Care (New Rochelle). (2023) 12:529–43. doi: 10.1089/wound.2022.0043
	11. Luo, W, Bai, L, Zhang, J, Li, Z, Liu, Y, Tang, X, et al. Polysaccharides-based nanocarriers enhance the anti-inflammatory effect of curcumin. Carbohydr polymers. (2023) 311:120718. doi: 10.1016/j.carbpol.2023.120718
	12. Qi, M, Ren, X, Li, W, Sun, Y, Sun, X, Li, C, et al. NIR responsive nitric oxide nanogenerator for enhanced biofilm eradication and inflammation immunotherapy against periodontal diseases. Nano Today. (2022) 43:101447. doi: 10.1016/j.nantod.2022.101447
	13. Sadidi, H, Hooshmand, S, Ahmadabadi, A, Javad Hoseini, S, Baino, F, Vatanpour, M, et al. Cerium oxide nanoparticles (Nanoceria): hopes in soft tissue engineering. Molecules. (2020) 25(19):4559. doi: 10.3390/molecules25194559
	14. Arya, A, Sethy, NK, Singh, SK, Das, M, and Bhargava, K. Cerium oxide nanoparticles protect rodent lungs from hypobaric hypoxia-induced oxidative stress and inflammation. Int J Nanomedicine. (2013) 8:4507–19. doi: 10.2147/IJN
	15. Yu, Y, Zhao, S, Gu, D, Zhu, B, Liu, H, Wu, W, et al. Cerium oxide nanozyme attenuates periodontal bone destruction by inhibiting the ROS-NFκB pathway. Nanoscale. (2022) 14:2628–37. doi: 10.1039/D1NR06043K
	16. Liu, TF, Xiao, BW, Xiang, F, Tan, JL, Chen, Z, Zhang, XR, et al. Ultrasmall copper-based nanoparticles for reactive oxygen species scavenging and alleviation of inflammation related diseases. Nat Commun. (2020) 11(1):2788. doi: 10.1038/s41467-020-16544-7
	17. Xiong, J, Wang, Y, Xue, Q, and Wu, X. Synthesis of highly stable dispersions of nanosized copper particles using L-ascorbic acid. Green Chem. (2011) 13:900–4. doi: 10.1039/c0gc00772b
	18. Ingle, AP, Paralikar, P, Shende, S, Gupta, I, Biswas, JK, da Silva Martins, LH, et al. Copper in medicine: Perspectives and toxicity. In:  M Rai, AP Ingle, and S Medici, eds. Biomedical Applications of Metals. Cham: Springer International Publishing (2018). pp. 95–112. doi: 10.1007/978-3-319-74814-6_4
	19. Bergsbaken, T, Fink, SL, and Cookson, BT. Pyroptosis: host cell death and inflammation. Nat Rev Microbiol. (2009) 7:99–109. doi: 10.1038/nrmicro2070
	20. Jiang, Y, Wang, M, Huang, K, Zhang, Z, Shao, N, Zhang, Y, et al. Oxidized low-density lipoprotein induces secretion of interleukin-1β by macrophages via reactive oxygen species-dependent NLRP3 inflammasome activation. Biochem Biophys Res Commun. (2012) 425:121–6. doi: 10.1016/j.bbrc.2012.07.011
	21. Man, SM, and Kanneganti, T-D. Regulation of lysosomal dynamics and autophagy by CTSB/cathepsin B. Autophagy. (2016) 12:2504–5. doi: 10.1080/15548627.2016.1239679
	22. Wang, Y, Jia, L, Shen, J, Wang, Y, Fu, Z, S-a, Su, et al. Cathepsin B aggravates coxsackievirus B3-induced myocarditis through activating the inflammasome and promoting pyroptosis. Plos Pathogens. (2018) 14(1):e1006872. doi: 10.1371/journal.ppat.1006872
	23. Menzel, K, Hausmann, M, Obermeier, F, Schreiter, K, Dunger, N, Bataille, F, et al. Cathepsins B, L and D in inflammatory bowel disease macrophages and potential therapeutic effects of cathepsin inhibition in vivo. Clin Exp Immunol. (2006) 146:169–80. doi: 10.1111/j.1365-2249.2006.03188.x
	24. Ma, X, Cheng, Y, Jian, H, Feng, Y, Chang, Y, Zheng, R, et al. Hollow, rough, and nitric oxide-releasing cerium oxide nanoparticles for promoting multiple stages of wound healing. Advanced healthcare materials. (2019) 8:e1900256. doi: 10.1002/adhm.201900256
	25. Li, F, Li, J, Song, X, Sun, T, Mi, L, Liu, J, et al. Alginate/Gelatin hydrogel scaffold containing nCeO2 as a potential osteogenic nanomaterial for bone tissue engineering. Int J Nanomedicine. (2022) 17:6561–78. doi: 10.2147/IJN.S388942
	26. Michael, JM, and Liu, Z. Crosstalk of reactive oxygen species and NF-KB signaling. Cell Res. (2011) 21:103–15. doi: 10.1038/cr.2010.178
	27. Codolo, G, Plotegher, N, Pozzobon, T, Brucale, M, Tessari, I, Bubacco, L, et al. Triggering of inflammasome by aggregated alpha-synuclein, an inflammatory response in synucleinopathies. PloS One. (2013) 8(1):e55375. doi: 10.1371/journal.pone.0055375
	28. Liu, X, Wu, J, Liu, Q, Lin, A, Li, S, Zhang, Y, et al. Synthesis-temperature-regulated multi-enzyme-mimicking activities of ceria nanozymes. J Materials Chem B. (2021) 9:7238–45. doi: 10.1039/D1TB00964H
	29. Dong, HJ, Zhang, C, Fan, YY, Zhang, W, Gu, N, and Zhang, Y. Nanozyme and their ROS regulation effect in cells. Prog Biochem Biophysics. (2018) 45:105–17. doi: 10.16476/j.pibb.2017.0460
	30. Yasui, K, and Baba, A. Therapeutic potential of superoxide dismutase (SOD) for resolution of inflammation. Inflammation Res. (2006) 55:359–63. doi: 10.1007/s00011-006-5195-y
	31. Celardo, I, Pedersen, JZ, Traversa, E, and Ghibelli, L. Pharmacological potential of cerium oxide nanoparticles. Nanoscale. (2011) 3:1411–20. doi: 10.1039/c0nr00875c
	32. Zeng, F, Shi, YH, Wu, CN, Liang, JM, Zhong, QX, Briley, K, et al. A drug-free nanozyme for mitigating oxidative stress and inflammatory bowel disease. J Nanobiotechnology. (2022) 20(1):107. doi: 10.1186/s12951-022-01319-7
	33. Li, MY, Liu, J, Shi, L, Zhou, C, Zou, MZ, Fu, D, et al. Gold nanoparticles-embedded ceria with enhanced antioxidant activities for treating inflammatory bowel disease. Bioact Mater. (2023) 25:95–106. doi: 10.1016/j.bioactmat.2023.01.015
	34. Kim, J, Kim, HY, Song, SY, Go, SH, Sohn, HS, Baik, S, et al. Synergistic oxygen generation and reactive oxygen species scavenging by manganese Ferrite/Ceria co-decorated nanoparticles for rheumatoid arthritis treatment. ACS Nano. (2019) 13:3206–17. doi: 10.1021/acsnano.8b08785
	35. Shlapa, Y, Solopan, S, Sarnatskaya, V, Siposova, K, Garcarova, I, Veltruska, K, et al. Cerium dioxide nanoparticles synthesized via precipitation at constant pH: Synthesis, physical-chemical and antioxidant properties. Colloids Surfaces B: Biointerfaces. (2022) 220:112960. doi: 10.1016/j.colsurfb.2022.112960
	36. Gupta, A, Das, S, Neal, CJ, and Seal, S. Controlling the surface chemistry of cerium oxide nanoparticles for biological applications. J Materials Chem B. (2016) 4:3195–202. doi: 10.1039/C6TB00396F
	37. Qiao, XJ, Arsalan, M, Ma, X, Wang, YH, Yang, SY, Wang, Y, et al. A hybrid of ultrathin metal-organic framework sheet and ultrasmall copper nanoparticles for detection of hydrogen peroxide with enhanced activity. Anal Bioanal Chem. (2021) 413:839–51. doi: 10.1007/s00216-020-03038-0
	38. Peng, Y, He, DF, Ge, X, Lu, YF, Chai, YH, Zhang, YX, et al. Construction of heparin-based hydrogel incorporated with Cu5.4O ultrasmall nanozymes for wound healing and inflammation inhibition. Bioact Mater. (2021) 6:3109–24. doi: 10.1016/j.bioactmat.2021.02.006
	39. Gough, DR, and Cotter, TG. Hydrogen peroxide: a Jekyll and Hyde signalling molecule. Cell Death Dis. (2011) 2(10):e213. doi: 10.1038/cddis.2011.96
	40. Bryan, N, Ahswin, H, Smart, N, Bayon, Y, Wohlert, S, and Hunt, JA. Reactive oxygen species (ROS) - a family of fate deciding molecules pivotal in constructive inflammation and wound healing. Eur Cells Materials. (2012) 24:249–65. doi: 10.22203/eCM
	41. Rimessi, A, Previati, M, Nigro, F, Wieckowskic, MR, and Pinton, P. Mitochondrial reactive oxygen species and inflammation: Molecular mechanisms, diseases and promising therapies. Int J Biochem Cell Biol. (2016) 81:281–93. doi: 10.1016/j.biocel.2016.06.015
	42. Kavcic, N, Pegan, K, and Turk, B. Lysosomes in programmed cell death pathways: from initiators to amplifiers. Biol Chem. (2017) 398:289–301. doi: 10.1515/hsz-2016-0252
	43. Valodkar, M, Rathore, PS, Jadeja, RN, Thounaojam, M, Devkar, RV, and Thakore, S. Cytotoxicity evaluation and antimicrobial studies of starch capped water soluble copper nanoparticles. J Hazard Mater. (2012) 201:244–9. doi: 10.1016/j.jhazmat.2011.11.077
	44. Andraos, C, Yu, IJ, and Gulumian, M. Interference: A much-neglected aspect in high-throughput screening of nanoparticles. Int J Toxicol. (2020) 39:397–421. doi: 10.1177/1091581820938335
	45. Guadagnini, R, Kenzaoui, BH, Walker, L, Pojana, G, Magdolenova, Z, Bilanicova, D, et al. Toxicity screenings of nanomaterials: challenges due to interference with assay processes and components of classic in vitro tests. Nanotoxicology. (2015) 9:13–24. doi: 10.3109/17435390.2013.829590
	46. Drasler, B, Sayre, P, Steinhaeuser, KG, Petri-Fink, A, and Rothen-Rutishauser, B. In vitro approaches to assess the hazard of nanomaterials (vol 8, pg 99, 2017). Nanoimpact. (2018) 9:51–1. doi: 10.1016/j.impact.2017.10.002
	47. Yin, Q, Jiang, D, Li, L, Yang, Y, Wu, P, Luo, Y, et al. LPS promotes vascular smooth muscle cells proliferation through the TLR4/Rac1/Akt signalling pathway. Cell Physiol Biochem. (2017) 44:2189–200. doi: 10.1159/000486024
	48. Horie, M, and Tabei, Y. Role of oxidative stress in nanoparticles toxicity. Free Radical Res. (2021) 55:331–42. doi: 10.1080/10715762.2020.1859108
	49. Chang, Y-N, Zhang, M, Xia, L, Zhang, J, and Xing, G. The toxic effects and mechanisms of CuO and ZnO nanoparticles. Materials. (2012) 5:2850–71. doi: 10.3390/ma5122850
	50. Mi, X-J, Xu, XY, Choi, HS, Kim, H, Cho, IH, Yi, T-H, et al. The immune-enhancing properties of hwanglyeonhaedok-tang-mediated biosynthesized gold nanoparticles in macrophages and splenocytes. Int J Nanomedicine. (2022) 17:477–94. doi: 10.2147/IJN.S338334
	51. Lee, JK, Sayers, BC, Chun, K-S, Lao, H-C, Shipley-Phillips, JK, Bonner, JC, et al. Multi-walled carbon nanotubes induce COX-2 and iNOS expression via MAP Kinase-dependent and -independent mechanisms in mouse RAW264.7 macrophages. Particle Fibre Toxicol. (2012) 9(1):14. doi: 10.1186/1743-8977-9-14
	52. Zhang, L, Xiao, S, Kang, X, Sun, T, Zhou, C, Xu, Z, et al. Metabolic conversion and removal of manganese ferrite nanoparticles in RAW264.7 cells and induced alteration of metal transporter gene expression. Int J Nanomedicine. (2021) 16:1709–24. doi: 10.2147/IJN.S289707
	53. Hashimoto, M, Toshima, H, Yonezawa, T, Kawai, K, Narushima, T, Kaga, M, et al. Responses of RAW264.7 macrophages to water-dispersible gold and silver nanoparticles stabilized by metal-carbon σ-bonds. J BioMed Mater Res A. (2014) 102:1838–49. doi: 10.1002/jbm.a.34854
	54. Liu, C, Yao, Q, Hu, TT, Cai, ZL, Xie, QW, Zhao, JH, et al. Cathepsin B deteriorates diabetic cardiomyopathy induced by streptozotocin via promoting NLRP3-mediated pyroptosis. Mol Therapy-Nucleic Acids. (2022) 30:198–207. doi: 10.1016/j.omtn.2022.09.019
	55. Rubartelli, A, Lotze, MT, Latz, E, and Manfredi, AJ. Mechanisms of sterile inflammation. Front Immunol. (2013) 4:398. doi: 10.3389/fimmu.2013.00398
	56. Chen, Y, Yang, Q, Lv, C, Chen, Y, Zhao, W, Li, W, et al. NLRP3 regulates alveolar bone loss in ligature-induced periodontitis by promoting osteoclastic differentiation. Cell Proliferation. (2021) 54(2):e12973. doi: 10.1111/cpr.12973
	57. Chen, GY, and Nuñez, G. Sterile inflammation: sensing and reacting to damage. Nat Rev Immunol. (2010) 10(12):826–37. doi: 10.1038/nri2873
	58. Duewell, P, Kono, H, Rayner, KJ, Sirois, CM, Vladimer, G, Bauernfeind, FG, et al. NLRP3 inflammasomes are required for atherogenesis and activated by cholesterol crystals. Nature. (2010) 464:1357–U1357. doi: 10.1038/nature08938
	59. Imaeda, AB, Watanabe, A, Sohail, MA, Mahmood, S, Mohamadnejad, M, Sutterwala, FS, et al. Acetaminophen-induced hepatotoxicity in mice is dependent on Tlr9 and the Nalp3 inflammasome. J Clin Invest. (2009) 119:305–14. doi: 10.1172/JCI35958
	60. Tang, Y, Cao, G, Min, X, Wang, T, Sun, S, Du, X, et al. Cathepsin B inhibition ameliorates the non-alcoholic steatohepatitis through suppressing caspase-1 activation. J Physiol Biochem. (2018) 74:503–10. doi: 10.1007/s13105-018-0644-y
	61. Wang, J, Wang, L, Zhang, X, Xu, Y, Chen, L, Zhang, W, et al. Cathepsin B aggravates acute pancreatitis by activating the NLRP3 inflammasome and promoting the caspase-1-induced pyroptosis. Int Immunopharmacol. (2021) 94:107496. doi: 10.1016/j.intimp.2021.107496
	62. Lunov, O, Uzhytchak, M, Smolková, B, Lunova, M, Jirsa, M, Dempsey, NM, et al. Remote actuation of apoptosis in liver cancer cells via magneto-mechanical modulation of iron oxide nanoparticles. Cancers (Basel). (2019) 11(12):1873. doi: 10.3390/cancers11121873
	63. Ni, JJ, Wu, Z, Peterts, C, Yamamoto, K, Qing, H, and Nakanishi, H. The critical role of proteolytic relay through cathepsins B and E in the phenotypic change of microglia/macrophage. J Neurosci. (2015) 35:12488–501. doi: 10.1523/JNEUROSCI.1599-15.2015
	64. 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
	65. Kelley, N, Jeltema, D, Duan, Y, and He, Y. The NLRP3 inflammasome: an overview of mechanisms of activation and regulation. Int JMol Sci. (2019) 20(13):3328. doi: 10.3390/ijms20133328
	66. Jeganathan, S, Fiorino, C, Naik, U, Sun, HS, and Harrison, RE. Modulation of osteoclastogenesis with macrophage M1-and M2-inducing stimuli. PloS One. (2014) 9(8):e104498. doi: 10.1371/journal.pone.0104498
	67. Swanson, KV, Deng, M, and Ting, JPY. The NLRP3 inflammasome: molecular activation and regulation to therapeutics. Nat Rev Immunol. (2019) 19:477–89. doi: 10.1038/s41577-019-0165-0
	68. Pelegrin, P, Barroso-Gutierrez, C, and Surprenant, A. P2X7 Receptor differentially couples to distinct release pathways for IL-1β in mouse macrophage. J Immunol. (2008) 180:7147–57. doi: 10.4049/jimmunol.180.11.7147
	69. Hirano, S, Zhou, Q, Furuyama, A, and Kanno, S. Differential regulation of IL-1β and IL-6 release in murine macrophages. Inflammation. (2017) 40:1933–43. doi: 10.1007/s10753-017-0634-1
	70. Xiang, P, Chen, T, Mou, Y, Wu, H, Xie, P, Lu, G, et al. NZ suppresses TLR4/NF-κB signalings and NLRP3 inflammasome activation in LPS-induced RAW264.7 macrophages. Inflammation Res. (2015) 64:799–808. doi: 10.1007/s00011-015-0863-4
	71. Xie, Q, Shen, W-W, Zhong, J, Huang, C, Zhang, L, and Li, J. Lipopolysaccharide/adenosine triphosphate induces IL-1β and IL-18 secretion through the NLRP3 inflammasome in RAW264.7 murine macrophage cells. Int J Mol Med. (2014) 34:341–9. doi: 10.3892/ijmm.2014.1755




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 Li, Xia, Niu, Wang, Liu and Li. 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.




REVIEW

published: 02 May 2024

doi: 10.3389/fimmu.2024.1383503

[image: image2]


The aging lung: microenvironment, mechanisms, and diseases


Yanmei Wang 1,2*†, Xuewen Huang 1†, Guofeng Luo 1, Yunying Xu 1, Xiqian Deng 1, Yumeng Lin 3, Zhanzhan Wang 4, Shuwei Zhou 5, Siyu Wang 6, Haoran Chen 1, Tao Tao 2, Lei He 2, Luchuan Yang 2, Li Yang 2, Yutong Chen 7, Zi Jin 8, Chengshi He 9*, Zhongyu Han 1* and Xiaohong Zhang 10*


1 School of Medical and Life Sciences, Chengdu University of Traditional Chinese Medicine, Chengdu, China, 2 Institute of Traditional Chinese Medicine of Sichuan Academy of Chinese Medicine Sciences (Sichuan Second Hospital of T.C.M), Chengdu, China, 3 Eye School of Chengdu University of Traditional Chinese Medicine, Chengdu, China, 4 Department of Respiratory and Critical Care Medicine, The First People’s Hospital of Lianyungang, Lianyungang, China, 5 Jiangsu Key Laboratory of Molecular and Functional Imaging, Department of Radiology, Zhongda Hospital, School of Medicine, Southeast University, Nanjing, China, 6 Department of Gastroenterology, The First Hospital of Hunan University of Chinese Medicine, Changsha, China, 7 The Second Clinical Medical College, Zhejiang Chinese Medical University, Hangzhou, China, 8 Department of Anesthesiology and Pain Rehabilitation, Shanghai YangZhi Rehabilitation Hospital (Shanghai Sunshine Rehabilitation Center), School of Medicine, Tongji University, Shanghai, China, 9 Department of Respiratory, Hospital of Chengdu University of Traditional Chinese Medicine, Chengdu, China, 10 Department of Emergency Medicine Center, Sichuan Province People’s Hospital University of Electronic Science and Technology of China, Chengdu, China




Edited by: 

Uzma Saqib, Indian Institute of Technology Indore, India

Reviewed by: 

Matthias Clauss, Indiana University Bloomington, United States

Stephen Ray Reeves, University of Washington, United States

*Correspondence: 

Yanmei Wang
 6418372@qq.com 

Chengshi He
 hcs6512@126.com
 Zhongyu Han
 hzyczy1997@163.com 

Xiaohong Zhang
 2653099978@qq.com


†These authors have contributed equally to this work



Received: 07 February 2024

Accepted: 16 April 2024

Published: 02 May 2024

Citation:
Wang Y, Huang X, Luo G, Xu Y, Deng X, Lin Y, Wang Z, Zhou S, Wang S, Chen H, Tao T, He L, Yang L, Yang L, Chen Y, Jin Z, He C, Han Z and Zhang X (2024) The aging lung: microenvironment, mechanisms, and diseases. Front. Immunol. 15:1383503. doi: 10.3389/fimmu.2024.1383503



With the development of global social economy and the deepening of the aging population, diseases related to aging have received increasing attention. The pathogenesis of many respiratory diseases remains unclear, and lung aging is an independent risk factor for respiratory diseases. The aging mechanism of the lung may be involved in the occurrence and development of respiratory diseases. Aging-induced immune, oxidative stress, inflammation, and telomere changes can directly induce and promote the occurrence and development of lung aging. Meanwhile, the occurrence of lung aging also further aggravates the immune stress and inflammatory response of respiratory diseases; the two mutually affect each other and promote the development of respiratory diseases. Explaining the mechanism and treatment direction of these respiratory diseases from the perspective of lung aging will be a new idea and research field. This review summarizes the changes in pulmonary microenvironment, metabolic mechanisms, and the progression of respiratory diseases associated with aging.
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Introduction

Aging is the gradual decline of physiological functions, characterized by signs like dry skin, wrinkles, and memory loss. Over the last two centuries, life expectancy in developed countries has doubled (1, 2). By 2050, it is expected that those over 65 will make up approximately 20% of the global population (3). Since 1939, caloric restriction in mice has been shown to extend lifespan (4). New research finds that targeting specific loci or altering metabolic pathways can delay the aging process (5).

Cellular senescence, a hallmark of aging, is the irreversible cessation of cell division, often marked by DNA damage, inflammatory secretions, and metabolic changes. It occurs during both development and adulthood, contributing to aging organ degeneration (6). However, the exact relationship between cellular senescence and aging, and how the former influences the latter, remains unclear.

The lung, crucial for gas exchange and sensitive to external stimuli, is highly susceptible to aging. It matures by age 10–12, reaching peak function at 20 in women and 25 in men (7). Aging degrades lung barrier integrity and pathogen resistance while increasing immune sensitivity, thus heightening disease risk and mortality from conditions like lung cancer and inflammation. Understanding how aging affects lung health and exacerbates pathological damage is a critical research area.

In this manuscript, we review the research progress on the role of pulmonary aging in the pathogenesis of respiratory diseases, including the mechanism and response pathway of how various cells in the pulmonary microenvironment cope with the molecular level of aging. We believe that this manuscript will help readers to further understand age-related respiratory diseases and can also provide new ideas for the study of the pathogenesis and clinical treatment of various respiratory diseases.





Morphology, respiratory indices, and function changes in the aging lung




Morphology changes

“Senile lung” describes lung aging, marked by alveolar and duct expansion, and basement membrane thickening, leading to decreased lung elasticity and increased compliance (2, 8).

Aging leads to terminal air space enlargement, increased alveolar duct and terminal bronchiole size, and a reduction in alveolar area and number. For instance, the total alveolar area decreases from 70 m2 in individuals aged 30–39 to approximately 60 m2 in those 70–79 years old, dropping approximately 2.5 m2 every decade (8, 9). Additionally, aging increases lung collagen content and thickens the alveolar basement membrane (10). These anatomical changes result in several physiological alterations: reduced elastic recoil, increased lung compliance, diminished oxygen diffusion capacity, early airway collapse, intrapulmonary gas retention, and decreased expiratory flowrate. These changes can obstruct small airways, potentially leading to chronic obstructive pulmonary disease (COPD) in the elderly (11). Furthermore, smoking exacerbates COPD risk and progression in this age group, intertwining with aging to accelerate the disease’s severity.





Respiratory indices changes

After birth, total lung capacity (TLC) increases, but in the elderly, inspiratory muscle strength, thoracic compliance, and lung elastic recoil decrease, leading to lower TLC, tidal volume (TV), inspiratory reserve volume (IRV), and expiratory reserve volume (ERV) compared to young adults.

Vital capacity (VC), the maximum air volume exhaled after forced inspiration, decreases with age, approximately 200 ml every decade starting from age 20, from approximately 3,500 ml in men and 2,500 ml in women at age 30, to 75% of that by age 70 due to increased thoracic rigidity and decreased lung recoil and respiratory muscle strength.

Functional residual capacity (FRC), the gas volume remaining in the lungs after a quiet expiration, increases with age, leading to alveolar distension and increased respiratory muscle load. This results in a 20% increase in energy expenditure for respiration in 60-year-olds compared to 20-year-olds (12). Aging also enlarges alveoli and alters supportive structures, reducing lung elasticity and causing premature small airway closure during expiration, thus increasing FRC (12, 13).

The spirometric index FEV1/FVC, crucial for diagnosing COPD, shows that FEV1 and FVC peak at 27 years in men and 20 in women, then decline, with FEV1 decreasing faster after 65 years of age (14).

In addition, as respiratory indicators reflecting small airway ventilation function, expiratory flowrates (V25–75, Vmax25, Vmax75) decrease with age, indicating small airway function decline. Closed volume (CV)/VC and closed capacity (CC)/TLC ratios increase with age due to earlier small airway closure in the elderly during expiration.





Function changes

Lung functionality peaks between ages 18 and 25 and remains stable until approximately 35 years old, after which it gradually declines (15). This decline is attributed to reduced respiratory muscle strength and chest wall function in older adults, leading to decreased ventilation capacity. In general, with increasing age, TV may slightly decrease. This is mainly due to the slight decrease in lung capacity, increased stiffness of lung tissue, and potential decline in respiratory muscle function as individuals age, all of which can impact TV. On the other hand, research has shown that TV can be increased through training, depending on individual lifestyle and physiological conditions (16).

From age 35, lung function decreases even in healthy individuals, with stiffer blood vessel walls and reduced elasticity impacting blood supply to alveoli and gas exchange (17–21). Aging also reduces alveolar surface area and capillary density, affecting lung ventilation function, all leading to ventilation/perfusion ratio imbalance and lower arterial oxygen partial pressure (PaO2) in the elderly (16). In older lungs, there is a diminished response to hypoxemia and hypercapnia and less recognition of bronchoconstriction (22). The aging lung’s response to hypoxemia and hypercapnia, measured by oral occlusion pressure, shows a 50% and 60% decrease, respectively, in the elderly compared to young adults, indicating a reduced ability to integrate sensory information and generate appropriate neural responses (21).






Microenvironment of aging lung

For air-breathing animals, the lung is a vital organ of the respiratory system. Mammals and other structurally complex animals have two lungs, located on the left and right sides of the chest cavity near the spine and heart. The primary function of the lungs is to facilitate gas exchange, transporting oxygen from the air into the bloodstream and removing carbon dioxide from the blood into the atmosphere. As a functionally important and structurally complex organ, the aging lung harbors various types of cells, including resident cells and immune cells within the lung microenvironment. Previous research has utilized light microscopy and electron microscopy to observe the immune reactions and cellular morphology of lung tissue, defining resident cells in the lung (23). Advanced techniques such as single-cell sequencing and immunohistochemistry have expanded our understanding, revealing over 40 distinct cell types in human lungs. However, the effects of aging on lung cell composition and function remain partially understood. Age alone is a risk factor for lung diseases, with cellular aging contributing to different pathological outcomes. This knowledge opens new avenues for investigating chronic respiratory disease mechanisms by examining the aging lung’s unique structures and the biological impact of aging on different cell types.





Lung parenchymal cells

“Lung parenchymal cells” refers to the cells that make up the functional tissue of the lungs. Comprising a multitude of minute alveoli with thin walls, it constitutes an immense surface area (24). These cells include various types, such as alveolar epithelial cells, bronchial epithelial cells, and endothelial cells. These cells each have their own functions; alveolar epithelial cells, for example, play a crucial role in gas exchange by lining the inner surface of the alveoli, where oxygen is taken up and carbon dioxide is released (25).




Airway epithelial cells

Airways are divided into respiratory and conducting zones by terminal bronchioles. They secrete mucins and fluids, lined with respiratory cells and ciliated pseudostratified epithelium. Epithelial cells form polarized junctional complexes with claudins for protection (26). Ciliated cells are predominant, supported by club, serous, neuroendocrine, and goblet cells. Subepithelial basal cells serve as progenitors for airway epithelium regeneration (27). In the airways, submucosal glands secrete mucins (like MUC2 and MUC5B) and fluids and can release defense proteins upon stimulation (27, 28). Mucus, a high molecular weight glycoprotein, facilitates pathogen clearance and plays a role in maintaining homeostasis in the airway (29).

Aging can induce alterations in the function and structure of tracheal epithelial cells, characterized by diminished proliferative capacity, elevated apoptosis, and decreased metabolic activity. These modifications will impair tracheal epithelial cell function, consequently impacting the normal physiological function of the trachea.





Alveolar epithelial cell

Alveolar epithelial cells (AECs), including squamous AEC1s and cuboidal AEC2s, are crucial for gas exchange. AEC1s cover approximately 95% of the respiratory membrane, while AEC2s, also progenitor cells for AEC1s, contribute to repair and innate immunity by releasing surfactants (30).

Experimental studies comparing young (2–3-months-old) and aged (26-months-old) rats revealed a decrease in alveolar epithelial cell (AEC) proliferation and surfactant protein levels in older rats, alongside an increase in apoptosis rate. Furthermore, an electron microscopy of aged lungs showed significant degenerative changes in AEC2s, with shorter telomere mice displaying cellular senescence markers like inflammation and immune responses (31). This senescence leads to prolonged oxidative stress and inflammation, impairing gas exchange across the alveolar membrane (32). Additionally, single-cell transcriptional analysis indicated an upregulation of MHC class I on aged AEC2s, highlighting aging’s impact on immune responses (33).





Endothelial cell

Endothelial cells line the inner walls of blood vessels, forming a single layer crucial for maintaining vascular health through tight junctions and adhesion molecules like vascular endothelial cadherin (34, 35). They regulate blood vessel tone, permeability, and inflammation, playing a key role in vasodilation via nitric oxide (NO) production (36). Aging impairs these functions, leading to decreased NO synthesis and disrupted vascular relaxation, affecting molecules such as ICAM-1 and PAI-1 that are involved in inflammation and thrombosis, thereby increasing the risk of atherosclerosis and respiratory diseases (37). While insights are mainly from rodent studies, more research is needed to fully understand these mechanisms.





Airway smooth muscle

Airway smooth muscle (ASM) plays a pivotal role in airway size regulation, utilizing adhesion molecules like E-cadherin and VCAM1 for stability and inflammation prevention (38). It interacts with extracellular matrix components via integrins to modulate contractility (39). Desmin, a cytoskeletal protein, is vital for cell shape, intracellular transport, and organelle organization, with its expression decreasing in aged lungs, potentially reducing airway contractility (40, 41). Conversely, the expression of alpha-smooth muscle actin and vimentin might increase in the distal airways of elderly lungs, indicating possibly enhanced peripheral airway contractility (41). These findings highlight complex age-related alterations in ASM function that warrant further investigation.





Pulmonary progenitor cells

Pulmonary progenitor cells, vital for lung development and repair, differentiate into cell types like alveolar and capillary endothelial cells. Found in alveolar and airway regions, AT2 cells are key alveolar progenitors, transforming into AT1 cells for gas exchange upon stimulation (42). Research reveals two AT2 subtypes: surfactant producing and AT1 differentiating (43). Airway basal progenitor cells ensure lung stability and repair, generating various lung cells post-damage (44, 45). Interstitial progenitor cells, or fibroblasts, contribute to alveolar remodeling. Aging decreases stem cell numbers and repair efficiency, leading to diseases like emphysema and pulmonary fibrosis (46). The effect of aging on lung stem cells and remodeling needs further exploration. Understanding how aging impacts airway function is vital for improving elderly health.






Interstitial region of the lung

The lung interstitium, situated between lung parenchyma, consists of connective tissue, lymphatics, nerve fibers, and blood vessels, crucial for structure, nutrition, and gas exchange support. It encompasses the central and peripheral fibrous systems and septal tissue, essential for maintaining alveolar-capillary gas exchange integrity.

Fibroblasts are an important component of the interstitial region, generating extracellular matrix (ECM) components like collagen fibers, and matrix metalloproteinases (MMPs) play a key role in tissue integrity. Aging fibroblasts are implicated in lung remodeling and respiratory diseases (47). To understand the changes in fibroblasts under the influence of aging, several research groups have shown altered ECM protein expression, as evidenced by proteomics and microarray studies (48). Additionally, single-cell RNA sequencing indicates decreased collagen XIV and decorin in aged fibroblasts, affecting the lung tissue’s integrity and elasticity (49). Researchers have utilized methods like microarray, liquid chromatography-mass spectrometry, and atomic force microscopy to study the ECM in the lung and its relation to aging (49–52). They identified at least 32 age-related proteins in the lung’s ECM, whose changes disrupt its biomechanical balance, leading to aging-related damage in lung tissues.

The pulmonary microenvironment represents a complex ecosystem, wherein each component plays a pivotal role in the aging process. When exploring the impact of the pulmonary microenvironment on health, an unavoidable question emerges: does cellular senescence constitute the core driving force behind pulmonary aging? This question is thought-provoking, as it is closely related to the decline in lung function and the onset and progression of pulmonary diseases. Cellular senescence is a multifactorial-driven process, involving alterations in gene expression. In the lungs, this process may be accelerated by factors such as environmental pollutants, smoking, and chronic inflammation. Therefore, understanding how cellular senescence affects the pulmonary microenvironment, and how to intervene in this process to decelerate pulmonary aging, has become a focal point of current research.





Immunity and inflammation in aging lung

Aging significantly impacts pulmonary immunity by affecting immune cells in the lungs. Alveolar macrophages (AMs), crucial for innate immunity, show altered cytokine secretion and reduced phagocytosis abilities with age, leading to slower immune responses (53, 54). Other immune cells also experience quantitative and functional declines, affecting monocyte production and T- and B-cell receptor expression, ultimately compromising lymphocyte function (55). Research suggests that the aging phenotype of circulating monocytes is influenced by the pulmonary microenvironment, highlighting the role of the aging microenvironment in immune function changes (56). Immune senescence in the elderly increases susceptibility to infections and lung diseases, emphasizing the importance of understanding age-related changes for improving respiratory disease outcomes in older individuals.




Innate immunity

Innate immunity, our first line of non-specific defense present from birth, includes barriers like skin and internal components such as phagocytes (e.g., neutrophils, macrophages) and natural killer cells. These elements identify and fight off pathogens, triggering inflammation for pathogen removal and tissue healing. However, aging can weaken these immune cells, disturbing the balance of inflammatory responses in the lungs. This imbalance exacerbates outcomes in elderly patients with inflammatory lung conditions. This section delves into the primary innate immune cells in the lungs and how aging affects their functionality.




Alveolar macrophages

AMs, part of the mononuclear-phagocyte system, are long-lived and numerous, playing critical roles in pulmonary immunity by collaborating with bronchial perivascular interstitial macrophages (IMs) and pulmonary epithelial cells (57). They clear debris and toxic particles, produce anti-inflammatory factors like IL-4 and IL-10, and are key in tissue damage control and initiating inflammatory responses (58, 59). Additionally, AMs recognize stimuli through PRRs, activating signaling pathways and cytokine release (e.g., TNF-α, IL-6) from epithelial cells, thus recruiting immune cells and promoting inflammation. Impaired AM function can lead to chronic inflammation or fibrosis due to the accumulation of activated AMs and excessive immune cell recruitment.

With aging, the decline in AM number and functionality impairs pulmonary innate immunity, increasing susceptibility to chronic inflammatory lung diseases in the elderly (60). Aged AMs exhibit weakened phagocytosis and pathogen clearance, reduced lipid breakdown, and increased lipoprotein deposition in alveoli (60–62). Moreover, aged macrophages produce fewer chemokines and cytokines, weakening the innate immune response (63). Age-related changes in cell communication and PRRs expression heighten vulnerability to infections (64). Elevated reactive oxygen species (ROS) levels with age further diminish AM function (65, 66). Consequently, reduced AM efficacy leads to heightened lung inflammation and tissue damage in the elderly.





Dendritic cells

Dendritic cells (DCs) are located in the alveoli, alveolar septa, and lung lymphatic tissues (67). They play a key role in antigen presentation and immune regulation. Despite similar morphologies between young and aged DCs, upon encountering foreign antigens, DCs utilize their dendritic projections to capture and internalize these antigens. Following internalization, antigens are processed and presented on the DC surface as antigen–protein complexes via MHC molecules. Stimulated by PRRs, DCs produce cytokines like TNF-α and IL-6, and mature DCs migrate to pulmonary lymph nodes to present antigen information to T cells, facilitating their differentiation into effector or memory T cells. This antigen presentation process is vital for immune response regulation.

In summary, DCs play a vital role in lung immune responses, but their number and function decline with age, leading to reduced antigen capture and processing abilities (68, 69). Therefore, these changes contribute to raise the risk of respiratory diseases potentially.





Innate lymphocytes

Innate lymphocytes, categorized into ILC1, ILC2, ILC3, and NK cells, are pivotal in immune defense. NK cells, part of Group 1 with ILC1, are notable for their capacity to eliminate tumor and infected cells by detecting changes like the absence of MHC-I molecules on the cell surface and by secreting cytotoxins (e.g., perforin) and cytokines (IFN-γ and TNF-α) (70). Their decline with age increases the risk of lung diseases in the elderly by impairing immune functions (71). ILC2 cells, through IL4 and IL5 secretion, target extracellular pathogens and allergens, while ILC3 cells, producing IL17 and IL22, aid in lymph node development. Collectively, ILCs are crucial in pulmonary health and innate immune system regulation.





Neutrophils

Neutrophils, comprising 50%–70% of white blood cells, are essential for the immune response, rapidly migrating to infection sites via chemotaxis and utilizing lysosomal enzymes to digest pathogens and debris, thus preventing infection spread (72). They also recruit additional immune cells by releasing inflammatory mediators. However, aging leads to decreased bone marrow production and reduced neutrophil counts, alongside diminished antioxidant capacity and increased ROS production, impairing phagocytosis and heightening infection risks (73–75). Studies indicate an age-related increase in neutrophils within bronchoalveolar lavage fluid (BAL) and imbalances in injury models (75, 76). Therefore, we can conclude that aging and injury prolong neutrophil recruitment times, causing accumulation in lung tissue and exacerbating pulmonary diseases and inflammation (76–78).







Adaptive immunity

Adaptive immunity combats foreign pathogens through specificity, memory, cell dependence, and clone selectivity. It targets specific pathogens via receptors on B and T cells. Memory allows for a rapid response upon re-exposure to the same pathogen, facilitated by long-lasting immune cells generated after initial contact. Clone selectivity, through diverse B- and T-cell clones, ensures effective, enduring protection against various pathogens.

Bronchus-associated lymphoid tissue (BALT) is a lymphoid tissue present beneath the respiratory mucosal layer, including lymph nodes, lymphoid follicles, and diffuse lymphoid tissue, playing a role in immune surveillance and defense, thereby protecting the respiratory system from infection and disease.




T lymphocytes

T lymphocytes, critical for cell-mediated immunity, originate as precursor cells in the bone marrow and mature into naive T cells in the thymus, expressing CD4+ or CD8+ for antigen recognition. In the elderly, naive T-cell production and TCR diversity decline due to miR181a deficiency and increased dual-specific phosphatase(DUSP)6 activity (79). These cells, upon antigen exposure and cytokine activation (e.g., IL-2, IL-4), differentiate into effector and memory T cells, with effector cells being either helper T cells (Th) releasing cytokines to modulate immune responses or cytotoxic T cells (CTL) that eliminate infected or cancerous cells through perforin and granzyme B. CD4+ T cells diversify into Th1, Th2, and Th17 based on cytokine profile, while Th17 and Treg cells share a precursor requiring TGF-β for differentiation (80). Aging impacts T-cell quantity and functionality, manifesting as reduced CD8+ T-cell proliferation, increased apoptosis susceptibility in CD4+ cells due to elevated CD39 expression, and diminished pathogen clearance, leading to compromised pulmonary immunity (81). This contributes to immune senescence, characterized by a delayed response to new antigens and inefficient immune memory formation.





B lymphocytes

B-cell development initiates in the bone marrow from hematopoietic stem cells, requiring BCR ligand binding for progression. Immature B cells evolve through T1 and T2 transitional stages. Driven by CXCL13 and CXCR5, they migrate to the spleen, becoming T1B cells and further mature into T2B cells (82). These T2B cells differentiate into either follicular or marginal zone cells based on receptor signals (83). Naive B cells, which have not encountered antigens, include all spleen-resident B cells. Upon injury and inflammation, B cells activate, producing plasma cells that secrete antibodies, including immunoglobulins (Ig) and complement, and memory B cells for sustained immune memory against antigens, which protects the human body (84). Age affects B-cell development, particularly from naive to mature stages, with elderly mice showing increased inhibitory TFR cell expansion, fewer initial and immature B cells, and reduced antibody specificity and affinity, raising the risk of lung diseases in the elderly (85, 86).

Although there have been many studies on age-related changes in innate and adaptive immunity, the question of how immune impairment leads to lung diseases and increases mortality risk still remains. The combination of individual genetics and environmental changes still brings us many unknowns and challenges. To solve this problem, multi-omics methods have been used to longitudinally describe individual immune systems, which has also facilitated the development of “immune aging” scores that better describe an individual’s immune state than their actual age (87). This study and others have emphasized an important concept that actual age is not a reliable indicator of biological age.






Senescence mechanism related to pulmonary disease

Aging can lead to a decrease in the number and functional defects of lung stem cells, and pulmonary remodeling. One of the morphological characteristics of senescent lungs is the decrease in bronchioles and increased pulmonary alveolar diameter. Previous text has detailed the physiological functions and morphological changes in aging lungs. At the molecular and cellular levels, several aging mechanisms have been proposed by López-Otín et al., including cellular senescence, mitochondrial dysfunction, immunosenescence, and homeostatic disruption, which act on the pulmonary epithelium, impairing its repair function, resulting in loss of “fidelity”, and manifesting in related pathological findings such as fibrosis and airway wall remodeling. These have been demonstrated in diseases such as COPD, idiopathic pulmonary fibrosis (IPF), and acute respiratory distress syndrome (ARDS) (88–91). It should be noted that although cell senescence is related to disease, it is also a normal life activity of the normal lung tissue to maintain homeostasis (92, 93). Next, we will explore how these aging mechanisms causally contribute to pulmonary diseases and identify potential therapeutic targets.




Aging and cell senescence

Aging leads to declines in body function, with notable impacts on lung elasticity and function due to increased stiffness and tissue composition changes (94). At the cellular level, aging is characterized by reduced cell function, cell cycle arrest (mediated by proteins like Cdkn2a and Cdkn1a), or increased apoptosis, connecting subcellular damage such as protein homeostasis disruption and mitochondrial damage to organ aging (95). Specifically, in lungs, aging impairs AEC2 cells, crucial for organ function, by hindering the differentiation of pulmonary epithelial progenitor cells, weakening defense and immune clearance, for example, via HLA-E inhibition (96). The risk of respiratory diseases increases with senescent cell accumulation, with older mice showing more severe lung damage and slower recovery than younger ones (97–99). Senescent cells, although non-replicating, release the senescence-associated secretory phenotype (SASP)—a cocktail of cytokines, growth factors, and enzymes—which plays roles in wound healing, immune response, and aged cell clearance (100). These factors can activate surface receptors like TNFR and ILR, triggering intracellular signaling pathways and activating NF-κB to regulate inflammation and the cell cycle through NEMO, dependent on ATM phosphorylation (101).

Cellular activities significantly depend on age, making the study of cell aging vital for disease understanding and prevention. Despite considerable progress in cell aging research, its mechanisms remain complex and variable, necessitating further in-depth exploration.





Mitochondrial dysfunction

As cells age, mitochondria experience increased volume, loss of cristae, and inner membrane damage (102–104). Aging disrupts protein homeostasis in mitochondria, damages mitochondrial DNA (mtDNA), and leads to the formation of superoxide-generating electron transport chains (105–107). These changes activate inflammatory pathways like NF-κB, causing inflammation and impairing mitochondria’s ability to manage energy metabolism and cell death regulation. This mitochondrial dysfunction is linked to diseases such as IPF, COPD, and severe asthma, with increased damaged mtDNA found in lung tissues of these patients (102, 108–111). Simultaneously, studies indicate that mitochondrial dysfunction contributes to aging, suggesting a cyclical relationship (65, 66).





Inflammation and aging

Inflammation has progressed to a chronic state due to lifestyle and biological factors in aging, involving the accumulation of “metabolic waste” triggering inflammation. Misfolded proteins and cell debris activate immune responses by binding to PRRs. Chronic stimuli in aging lungs cause sustained inflammation, leading to tissue damage and an imbalance between pro- and anti-inflammatory actions. Neutrophils release factors like IL, TNF-α, and IFN, increasing systemic pro-inflammatory cytokines and oxidative stress (112). Targeting TNF-α in mice can speed up aging and inflammation. While some inflammation is crucial for fighting pathogens, an excess can damage lung tissue and lead to diseases. Neutrophils release NETs, which have both antibacterial benefits and immune-regulating effects, but excessive production can worsen COPD (73).

It has been found that the intestinal microbiota of elderly people also undergoes certain changes with the body’s inflammatory response (113). Ecological imbalance in the elderly, marked by a shift from anti-inflammatory to pro-inflammatory microbial products in the gut, contributes to inflammation. Additionally, aging lung and adipose cells release SASP, further intensifying inflammation and its associated damage, linking adipose tissue dysfunction with systemic inflammation and aging (114).





Immunosenescence

Immunosenescence leads to a slow yet prolonged immune response, especially in aging T and B cells, lowering resistance to infections and cancer. Aging diminishes AT2 cells’ renewal and differentiation, weakening immune functions. Aged lungs have fewer effective macrophages in phagocytosis, chemotaxis, and antigen presentation. Single-cell sequencing shows that in IPF patients, aged macrophages come from circulating monocytes, not from lung progenitor cells (115). Puchta et al. found that the senescent phenotype of monocytes in elderly mice is linked to the aging bone marrow microenvironment rather than being intrinsic to the cells (55). Adaptive immunity is also compromised in the elderly, with reduced lymphocyte activation, humoral responses, and lower counts of naive T cells and receptors. The balance between Th17 cells, which promote autoimmunity and inflammation, and Treg cells, which suppress these responses and maintain immune homeostasis, is disrupted (80).

Immune aging contributes to age-related lung diseases, reducing resistance to infections, changing throat microbiota, and increasing harmful bacteria. These factors, combined with lower respiratory function, difficulty swallowing, and poor vocal cord coordination, raise pneumonia risk by allowing bacteria into the lower respiratory tract. In severe asthma, COPD, and IPF, macrophage activity and T-cell activation are decreased due to less phagocytosis and lower T-cell CD28+ expression, resulting in immune function decline (116–122).





Autophagy

Autophagy, critical for cellular cleanup and turnover in lung cells, involves forming autophagosomes to degrade unwanted components, a process regulated by autophagy-related genes (ATGs) and microtubule-associated proteins (e.g., MAP1LC3B) (123). Key regulators, including transcription factor EB (TFEB), transcription factor A (TFAM), and mammalian target of rapamycin (mTOR), influence this pathway. Aging activates mTOR, leading to increased cell proliferation and reduced autophagy (124).

Autophagy’s disruption, particularly with aging, is linked to lung diseases like fibrosis, COPD, PAH, and cancer. Studies indicate that older mice and IPF patients show more significant declines in autophagy and related inflammation markers. The process where epithelial cells transform and migrate, known as EMT, is key in fibrosis. PINK1, a kinase in mitochondria, is crucial for mitophagy and mitochondrial health, impacting lung function (102, 108). The PINK1-PARK2 pathway, crucial for mitophagy, when impaired, increases the risk of pulmonary fibrosis and hastens cell aging. Mitophagy, vital for lung function due to high energy needs, is disrupted in this pathway, worsening conditions like COPD by enhancing cell damage and aging. Targeting autophagy with treatments like mTOR inhibitors, including rapamycin and everolimus, offers new strategies for managing diseases, notably cancer (102, 108, 125).





Nutrition sensing and metabolism

Nutrient-sensing pathways in lung tissues change with aging, impacting metabolism. AEC2 cells adjust metabolism based on nutrient and energy levels, responding to stress or hypoxia. Disruption of regulatory pathways (HIF2a, AMPK, and mTOR) with aging impairs nutrient sensing (126). Nutrient-sensing pathways in lung tissues change with aging, impacting metabolism. AEC2 cells adjust metabolism based on nutrient and energy levels, responding to stress or hypoxia. Disruption of regulatory pathways (HIF2a, AMPK, and mTOR) with aging impairs nutrient sensing (127–129). Similar changes are also observed in COPD and severe asthma (130–132). Enhanced insulin-IGF-1-mTORC1 signaling also accelerates the aging process, being the major accelerator of aging (4, 133). Targeting nutrition-related pathways, such as inhibiting the insulin-IGF-1-mTORC1 axis, has shown potential in extending lifespan (6).





Self-DNA

Self-DNA, released from the nucleus or mitochondria due to cell senescence or damage, acts as a DAMP, triggering autocrine and paracrine inflammatory responses through PRR activation, potentially causing tissue damage and inflammatory diseases (134). Elevated free DNA levels in IPF, COPD, and severe asthma patients’ blood and sputum indicate self-DNA’s role in age-related lung conditions (135). Additionally, neutrophil aggregation and heightened NET production in response to stimuli like IL-8 are noted in COPD and severe asthma (136–138). mtDNA, a key self-DNA source, is particularly effective in inducing lung damage/inflammation. Studies have shown that a link exists between increased systemic inflammation and higher free DNA levels in the bloodstream (139–141).





Oxidative stress

Oxidative stress occurs when cells produce excess reactive oxygen species (ROS), overwhelming antioxidant defenses and causing cellular damage. ROS, including superoxide ions and hydrogen peroxide, are normal metabolic byproducts essential for signaling and defense mechanisms. However, their imbalance can lead to oxidative damage, contributing to lung diseases. Theories linking ROS accumulation with aging, such as the free radical aging theory and mitochondrial aging theory, emphasize the impact of ROS on age-related changes (142, 143). Elevated ROS levels have been associated with respiratory conditions like pulmonary fibrosis and lung cancer (144).

Oxidative stress negatively affects lung diseases like pulmonary hypertension, COPD, and fibrotic lung disease, with the antioxidant NAC known for counteracting free radical-induced mutagenesis (145). This dual nature highlights the importance of a balanced approach in using antioxidants for lung tissue rejuvenation, acknowledging both their potential benefits and risks in promoting tumorigenesis. Given its significant role in lung health, understanding oxidative stress in lung aging is crucial for unraveling the mechanisms behind lung diseases and maintaining lung health.






Age-related pulmonary disease




ARDS

ARDS is a severe and urgent form of lung injury that typically occurs after severe trauma, severe infection, or surgery. The pathological findings include injured alveolar capillary barriers, decreased surfactant, formation of hyaline membranes within alveoli, and alveolar collapse, leading to pulmonary edema, inflammatory manifestations, and respiratory distress with hypoxemia (146, 147). In the acute phase, rapid coagulation and overactive inflammation response result in excessive inflammatory response and lung damage and dysfunction. The ability of the body to repair damaged tissues and restore lung function depends on the severity and duration of the disease. Otherwise, excessive fibrosis will lead to pulmonary fibrosis (146).

Studies have shown that aging increases the risk of ARDS; epithelial cell senescence may be crucial (91, 148). AEC2s senescence, reduced pulmonary stem cell storage, and impaired normal repair may lead to ARDS. In ARDS patients, senescence results in more severe illness and poorer prognosis. In addition, some biological processes associated with ARDS, such as infection, inflammation, and oxidative stress, are also related to aging mechanisms (Figure 1). For ARDS patients, mechanical ventilation is usually required to maintain respiration and oxygenation. Ventilation strategies and positive end-expiratory pressure (PEEP) levels need to be chosen according to patient conditions. Severe infection is a high-risk pathogenic factor for ARDS, and it is also a common complication and cause of death following non-infectious ARDS. Aging increases the likelihood of infection, exacerbates immune and inflammatory disorders, and is closely associated with mortality in ARDS patients. Severe SARS-CoV-2 infection may involve long-term pulmonary fibrosis after ARDS; the degree of fibrosis is associated with mortality (149, 150). Antibiotic treatment should be started as early as possible, using broad-spectrum antibiotics and providing sufficient dosage and course. The role of glucocorticoids in ARDS treatment is still controversial, but they are effective in anti-inflammatory and pulmonary fibrosis remission. For ARDS patients, mechanical ventilation is typically required to maintain respiration and oxygenation. The ventilation strategy and PEEP level need to be selected according to the patient’s condition. Prone positioning has been shown to improve gas exchange and respiratory mechanics in ARDS patients (151), but it must be performed with caution to avoid damaging vascular catheters and endotracheal tubes. Studies have shown that ARDS patients usually have lower Health-Related Quality of Lif (HRQoL) scores, and some patients may experience long-term mental health problems, such as anxiety and depression, which will further affect their quality of life. Research on how to enhance patient symptoms and prognosis is ongoing.
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Figure 1 | Aging increases the risk of ARDS, and epithelial cell senescence may be a key factor. The left side represents “normal”, while the right side represents “acute injury”. Aging leads to an increased probability of infection, immune dysregulation, and pathological manifestations such as damaged alveolar-capillary barrier, inactivation of surfactant, and formation of intra-alveolar hyaline membranes, resulting in pulmonary edema and inflammatory manifestations. Prolonged disease duration can also lead to pulmonary fibrosis.





COPD

COPD is a common chronic inflammatory lung disease in the elderly. Clinical research indicates that one-fifth of all hospitalized patients aged 75 and older have COPD, highlighting the age-dependent nature of the disease. It is characterized by cough and exertional breathlessness, with irreversible damage to pulmonary function. Smoking, air pollution, and occupational exposure are contributing factors, with smoking being the most important. Patients have long-term inflammation in their small tracts, eventually leading to tissue fibrosis and AWR. We find that in normal aging lungs, the tissue is also in a state of chronic inflammation, similar to the pathological state of COPD patients (152). Airway stem cell (such as club cell) senescence leads to decreased renewal and differentiation functions, resulting in AWR. Age-related changes in respiratory structure and function increase the susceptibility of the elderly to COPD (153–157). Scientists also propose whether the disease triggers change in the baseline level of normal aging lungs (152). Studies have found that there are numerous aging epithelial cells and fibroblasts in patient tissue sections. Fibroblasts isolated from diseased lungs show senescent phenotype and abnormal repair capacity (158). Monocytes derived from circulating blood play a crucial role in pulmonary fibrosis (159), where macrophage phagocytosis activity is decreased, through the action of CXC chemokine subfamily members, interacting with relevant receptors on CTL and monocytes; secretion of corresponding cytokines leads to damage of alveolar epithelial cells (Figure 2). The pro-inflammatory cytokines (IL-6 and TNF-α) and MMPs produced by these macrophages are associated with disease severity. Basal cells, as progenitor cells of the airway, have their self-renewal and differentiation abilities impaired after disease onset, leading to delayed wound healing and even abnormal healing (160, 161). Clinical control experiments show that COPD patients secrete more SASP and the secretion increases with age (162). Scientists detected excessive ROS in patient lung tissues and BAL, accompanied by reduced mitochondrial respiration and corresponding increased levels of damaged mtDNA (163). Cilia are cell organs on the surface of airway epithelial cells that can clear mucus and bacteria from the respiratory tract through regular movements. Decreased ciliary clearance function is also an important cause of airway inflammation and infection in COPD patients. Studies have found that the ciliary clearance function in COPD patients is significantly lower than that in healthy individuals, which may lead to bacterial retention and proliferation in the respiratory tract, thereby causing infection and inflammation.
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Figure 2 | Aging increases the susceptibility to COPD and promotes its progression. Smoking is a major risk factor for the disease, causing long-term inflammation of the small airways, ultimately leading to tissue fibrosis and airway wall remodeling. In aged lungs, the function of airway progenitor cells decreases, resulting in chronic inflammation. Macrophages, under the influence of chemokine CXC subfamily, damage alveolar epithelial cells. ELP, exogenous lipoid pneumonia.

Aging is an independent risk factor for COPD, and various stimuli that promote aging pathways deserve our attention and discussion. Smoke contains a large number of harmful chemicals, such as tar, carbon monoxide, and nicotine, which cause oxidative stress in lung cells, generate free radicals, damage cell DNA, shorten telomeres, and accelerate cell aging. It also triggers inflammation, leading to cell and tissue damage, and ultimately reduces lung elasticity and fibrosis. Emphysema is a chronic lung disease characterized by the destruction of alveolar walls and excessive inflation of alveoli. Smokers are more susceptible to it than non-smokers. Klotho is a b-glucuronidase that has been found to be deficient in the early stage, which may contribute to lung tissue damage and inflammation (164). In smokers, Klotho levels are further reduced, making the lung tissue more sensitive (165).

AECOPD, or the acute exacerbation of COPD, refers to a persistent deterioration beyond the daily situation in a short period of time, 80% of which is caused by bacteria. It is characterized by shortness of breath, increased sputum production, and purulence (11, 166). Common diagnostic methods include bacterial culture and PCR detection. Antibiotics are the mainstay of treatment, and the choice of antibiotics should be based on the pathogen. Traditional Chinese medicine, such as Yupingfeng, is also effective in treating COPD, especially for patients with severe cough and sputum situation (167, 168). Acute exacerbations put COPD patients at risk of pulmonary failure, severe damage to pulmonary function, and decreased quality of life.





IPF

IPF is the most common type of fibrotic interstitial lung disease (ILDs), which will be focused on here. IPF is a progressive interstitial lung disease characterized by progressive breathlessness, coughing, and chest pain. The lung tissue alternates between injury and repair, eventually leading to the formation of large amounts of fibrotic tissue and even scars, reducing pulmonary elasticity and impairing gas exchange function (169). The etiology and pathogenesis of IPF are complex. The specific cause is still unclear; it has been found that adult mouse AEC2s senescence leads to pulmonary fibrosis, which is similar to humans, and fibrosis is associated with p21/p53 and TGF-β. Researchers found that mice exhibited reduced pulmonary fibrosis after treating selective anti-aging AEC2s (170). Currently, there is research evidence indicating that pulmonary fibrosis is associated with high glycolytic behavior. Inflammatory response is a crucial step in initiating lung tissue remodeling, as inflammatory cells release inflammatory cytokines, chemokines, and enzymes that damage alveolar walls and surrounding tissues. Fibroblasts are activated and secrete collagen, elastin, and extracellular matrix components such as proteoglycans, which continue to produce and deposit in damaged areas, eventually forming fibrotic scar tissue. The TGF-β/Smad signaling pathway is considered a key regulatory factor for pulmonary fibrosis (171). TGF-β binds to cell surface receptors, activating the Smad signaling pathway and promoting fibroblast proliferation and collagen synthesis and ECM remodeling. The Wnt/β-catenin signaling pathway also plays a role in the pathogenesis of IPF. Wnt proteins bind to cell surface receptors, leading to the accumulation of β-catenin in the cell nucleus, activating downstream genes and causing pulmonary fibrosis (172). The TNF-α/NF-κB signaling pathway is a classic pathway. In this pathway, TNF-α binds to cell surface receptors, activating the NF-κB (nuclear factor-κB) signaling pathway, leading to inflammation and fibrosis (Figure 3). Furthermore, patients with pulmonary fibrosis may exhibit mtDNA damage, manifesting premature aging symptoms and inflammatory responses (163).
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Figure 3 | Lung fibrosis under the influence of aging. The pathogenesis of IPF is complex, inflammation is an important process in pulmonary tissue remodeling, and aging is a significant factor in inducing infection. The pathways shown in the figure are important pathways for inflammation-induced pulmonary fibrosis. Smad, Smad protein; TGF-β, transforming growth factor-beta; TNF-α, tumor necrosis factor-α; Wnt/β-catenin, wingless/β-catenin pathway; NF-κB, nuclear factor-κB.

The repair capacity of aged lungs decreases, and the repair process does not end with the removal of fibroblasts, but rather produces a continuous fibrotic response, which is associated with a positive feedback of fibroblast apoptosis inhibition. This positive feedback refers to the ability of fibroblasts to produce signals that inhibit their own apoptosis, thus reducing or preventing their own death (173, 174). In some chronic inflammatory lung diseases, fibroblasts can produce various growth factors and cytokines, such as TGF-β, epidermal growth factor (EGF), and IL-6, which promote fibroblast proliferation and migration and inhibit their apoptosis. Clinical studies have shown that those who survive acute diseases are often affected by long-term lung damage and reduced HRQoL. IPF patients usually show earlier aging-related physiological changes than healthy individuals. Moreover, researchers have found that aging-related genes (SIRT1, SIRT2, and FOXO3) and proteins (β-galactosidase) may play a role in the pathogenesis of IPF. Although the connection between age and IPF is established, the interplay between other contributing factors and age remains unknown. Further investigation is required to elucidate the specific signaling pathways and molecular interactions involved in the regulation of these processes. Genetic factors also contribute to the disease; mutations can make individuals more susceptible to pulmonary fibrosis. Environmental factors, such as smoking and occupational exposure, may also affect the incidence of IPF.





Pneumonia

Pneumonia is a pulmonary inflammation caused by bacteria, viruses, fungi, or parasites. The common pathogenic bacteria of bacterial pneumonia are pneumococcal bacteria, which are the most common cause of community-acquired pneumonia (CAP) in the elderly, mainly affecting the pulmonary parenchyma (175). The main pathogenic viruses of viral pneumonia are influenza viruses and coronaviruses, mainly affecting the pulmonary interstitium. The main symptoms of pneumonia include coughing, fever, shortness of breath, and chest pain. According to World Health Organization data, CAP is the most common type of pneumonia; the mortality rate of pneumonia is approximately 12% in developing countries and approximately 9% in developed countries (176). Generally, the mortality rate of ordinary pneumonia is low, while severe pneumonia and infection with viruses such as COVID-19 have higher mortality rates. Age is a risk factor that increases the elderly’s susceptibility to pneumonia. The elderly have weakened lungs in clearing pathogens, with impaired ciliated epithelium clearance in the airways and swallowing clearance mechanisms, increasing the risk of pneumonia, excessive bacterial adhesion and accumulation in the lungs can easily lead to community-acquired pneumonia (37, 175, 177–180). With increasing age, the body’s immune regulatory function decreases, and the risk of pulmonary infection increases. In elderly chronic pulmonary inflammation, TNF-α can induce epithelial cells to express more TNF receptors and enhance the inflammatory response. In addition, oxidative stress can also lead to the upregulation of epithelial cell surface receptors, such as peroxisome proliferator-activated receptor (PPAR). At the same time, the lung function decline in the aging process and damage to mitochondria can lead to telomere damage and increased SASP through the NF-κB pathway, triggering a series of subsequent reactions, increasing the risk of pneumonia (Figure 4). The main treatment methods for pneumonia are anti-infection and symptomatic treatment. When the disease is critical, broad-spectrum antibiotics should be used first to cover all possible pathogenic microorganisms as much as possible.
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Figure 4 | The clearance mechanism of the lungs in the elderly is impaired, which increases the susceptibility to pneumonia. In the elderly lungs, excessive bacteria accumulate in the lungs, making pneumonia more likely to occur. The decline in lung function with aging is attributed to elevated levels of reactive oxygen species (ROS) and impaired mitochondrial function, resulting in telomere damage and upregulation of senescence-associated secretory phenotype (SASP) via the NF-κB pathway, triggering a series of subsequent reactions that increase the risk of pneumonia.





Asthma

Asthma is a common chronic inflammatory disease of the airways that can occur at any age. The main characteristics of the disease are hyperreactivity of the airways and airway obstruction. Stimuli such as allergens and cold air trigger excessive reactions in the body’s various cytokines and receptors, leading to airway spasm and contraction, and patients experience symptoms such as wheezing, shortness of breath, and coughing. Long-term asthma patients may see an increase in the number of ASM cells, goblet cells, and mucus glands, leading to AWR (39, 181). Although asthma can occur in all age groups, the inflammation and clinical manifestations of asthma in older adults are different from those in younger adults. Studies have shown that severe asthma phenotypes are more common in older adults (182). Older adults have decreased pulmonary immune capacity, making them more sensitive to allergens and stimuli and therefore more susceptible to exacerbation of asthma (15, 60, 62, 64, 183). Th2 secrete IL-4, IL-5, and other cytokines, inducing the production of immunoglobulin E (IgE) and promoting inflammation. IgE is an important antibody in asthma; its main function is to bind to the FcϵRI receptor on the surface of mast cells and eosinophils, leading to cell activation and the release of inflammatory mediators (Figure 5). Cholinergic M receptors and histamine H1 receptors are also present in ASM cells and mast cells, and activation leads to ASM contraction. The exact cause of AWR is not clear, but it is known that EGF and fibroblast growth factor (FGF) play a role in asthma AWR.
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Figure 5 | The aging lung is more susceptible to allergens and irritants, exacerbating asthma. Allergens and proteases stimulate the airway epithelium, leading to interactions between various cytokines and receptors within the body, promoting inflammation and causing airway constriction. EGF and FGF play a role in the process of airway remodeling in asthma. FGF, fibroblast growth factor; EGF, epidermal growth factor.





Lung cancer

Cancer is a disease characterized by abnormal proliferation and differentiation of cells, usually caused by gene mutations and expression disorders. Age and genetics can increase the risk of developing cancer. The latest statistical data from the National Cancer Center shows that approximately 4.06 million new cases of malignant tumors are diagnosed in China each year, with lung cancer having the highest incidence and mortality rates among malignant tumors, far exceeding those of colorectal cancer, liver cancer, gastric cancer, and breast cancer (184). Lung cancer is also one of the high-incidence and high-mortality malignant tumors globally, with a 5-year relative overall survival rate of approximately 22% (185). It can be divided into squamous cell carcinoma, adenocarcinoma, large-cell carcinoma, and non-small cell lung cancer (NSCLC), which accounts for approximately 80%–85% of all lung cancers. The occurrence and development of NSCLC are closely related to the expression of cancer driver factor, which include gene mutations, amplification, and abnormal expression. Ultra-deep sequencing of normal human skin and esophageal tissue shows that high levels of somatic mutations exist in normal human tissues (186, 187). These mutations are related to skin squamous cell carcinoma and age-related mutations, suggesting that age-dependent microenvironmental changes in the lung play a key role in the progression of lung cancer.

Currently, known oncogenic drivers include epidermal growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), ROS proto-oncogene 1 (ROS1), B-Raf proto-oncogene (BRAF), and human epidermal growth factor receptor 2 (HER2). The expression of these oncogenic drivers varies in different subgroups of non-small-cell lung cancer patients. Research has found an interesting phenomenon: in lung cancer patients under 50 years old, there is a higher proportion of lung cancer with targetable genomic changes, such as EGFR mutations, ALK or ROS1 fusions, or ERBB2 insertions. In older lung cancer patients, the proportion of other oncogenic drivers, such as KRAS mutations, BRAF V600E, and MET exon 14 skipping, is higher (62, 188). Therefore, we can target different oncogenic drivers and choose corresponding targeted therapy drugs to inhibit their activity, to achieve the purpose of treating NSCLC. With age, DNA damage and mutations in the human body may increase, increasing the risk of cancer (189). At the same time, some genetic mutations related to cancer may also be associated with aging. Genetic factors also play a promoting role in the occurrence of cancer, but it needs to be emphasized that cancer is not inherited directly, but the susceptibility to cancer is inherited, not the cancer itself. Approximately one-eight of cancers are related to genetic gene mutations, while more are influenced by diet, environment, and lifestyle habits. The immune system in elderly lung cancer patients plays an important role in the development of the disease. The body can recognize and eliminate abnormal cells through immune surveillance; effector B cells produce antibodies to clear cancer cells, but at the same time, they can also cause inflammatory reactions, exacerbating the condition. Inflammatory cells can secrete some cytokines and chemokines, such as TNF-α, IL-1, and IL-8. These factors can attract more immune cells to the inflammatory site, promoting the growth and spread of the tumor. Meanwhile, inflammatory cells can also damage the DNA of lung cancer cells by releasing free radicals, thereby promoting the malignant transformation of lung cancer cells.

Lung cancer treatment consists of medical and surgical therapies. Chemotherapy, targeted therapy, and immunotherapy are currently common approaches. Immunological checkpoint inhibitors (ICIs) are a type of immunotherapy drug that enhances the immune system’s response by inhibiting checkpoint receptor molecules on immune cells (such as cytotoxic T cells) (Figure 6). Examples of targeted PD-1 pathway drugs include pembrolizumab and atezolizumab. Recent studies have shown that the balance of PD-1 expression between effector T cells (Teff) and Treg in the tumor microenvironment can predict the response to PD-1 cancer immunotherapy (63). When the PD-1 on effector T cells binds to PD-L1 on tumor cells, the activity of Teff is inhibited, reducing the ability to attack tumor cells. However, when the PD-1 on Treg binds to PD-L1 on tumor cells, it can enhance the function of regulatory T cells, further suppressing the immune response (190). Although the efficacy of immunotherapy drugs has been reported to decrease, there are currently limited numbers of elderly patients in prospective clinical trials, and we cannot yet draw accurate conclusions (191, 192).
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Figure 6 | The immune system in elderly lung cancer patients plays an important role in the development of the disease. Neutrophils, macrophages, and other inflammatory cells secrete cytokines and chemokines, such as TNF-α and IL-1, which promote tumor growth and metastasis. Tumor cells can evade the immune system through the PD-1 pathway, inhibiting T-cell activity. Immune checkpoint inhibitors (ICIs) like pembrolizumab can suppress the PD-1 pathway and enhance immune response. ICIs, immune checkpoint inhibitors.





Sepsis

Sepsis is a severe systemic infection syndrome characterized by the growth and reproduction of pathogenic bacteria in a local area, continuous invasion of the bloodstream, and production of toxins. These toxins are then disseminated through the bloodstream, causing obvious toxic symptoms and significant damage to other organs and tissues. The most common source of infection in elderly patients with sepsis is the respiratory tract. The underlying cause is the imbalance between pro- and anti-inflammatory responses in the body. Severe sepsis and septic shock are more severe forms of this condition. Due to abnormal immune function, pre-existing diseases, and age factors, the incidence and mortality rates of severe sepsis and infectious shock increase in elderly patients (193, 194). The mortality rate for elderly patients is 50%–60% (194). Cytokine storm is an overwhelming immune response, characterized by a disproportionate production of cytokines, intensifying inflammatory reactions, and leading to systemic infections in elderly patients, which is a key feature in the pathogenesis of sepsis (195). In the course of disease progression, bacterial lipopolysaccharide is the main molecule that induces the production of cytokines. LPS passes through lipopolysaccharide-binding protein, lipopolysaccharide receptor CD14, and Toll-like receptors to activate antigen-presenting cells such as monocytes, macrophages, and DCs, which produce and release cytokines. In addition, exotoxins act as superantigens, bridging the MHC II class molecules expressed on antigen-presenting cells with the receptors on T lymphocytes, promoting the binding of co-stimulatory molecules CD28/CD86, and inducing the production and release of cytokines by macrophages and T lymphocytes (Figure 7). With age, the oxidative stress response increases, resulting in an increase in the generation of reactive oxygen species, especially in the aging pulmonary vasculature (196, 197). This leads to more severe clinical symptoms in elderly patients (194, 198). Severe sepsis and septic shock patients often require mechanical ventilation, which is independently associated with increased mortality in elderly patients (194, 198).

[image: Diagram showing the immune response to bacteria and LPS. Bacteria enter through blood vessels into tissue, where dendritic cells (DC) process antigens, presenting them with MHC-I and MHC-II molecules. This activates cytotoxic T lymphocytes (CTL) and helper T cells (Th) through T cell receptors (TCR). Macrophages and interleukins IL-12 and IL-15 participate, leading to organ dysfunction. Arrows illustrate the sequence of events and interactions.]
Figure 7 | Older adults with abnormal immune function are more susceptible to severe sepsis. The pathogen proliferates locally and invades the bloodstream, leading to systemic symptoms and significant lung damage. Antigens primarily interact with the receptors on antigen-presenting cells expressing major histocompatibility complex molecules and T lymphocytes, triggering the release of cytokines from macrophages and T lymphocytes, resulting in pulmonary dysfunction. Elderly individuals experience a decline in immune function, which makes them susceptible to developing a cytokine storm, leading to exacerbated systemic infection.






Targeted aging therapy for respiratory diseases

The treatment options for age-related lung diseases are currently limited. Patients with ARDS are often refractory to treatment, and the efficacy of glucocorticoids (GCs) is generally moderate. The mechanism of action primarily involves the binding of the GC receptor (GR) to NF-κB in a process known as “transrepression” (199, 200). NF-κB serves as a central mediator of inflammation and aging, and it represents a potential therapeutic target for age-related lung diseases (201).

COPD or severe asthma patients may experience symptom relief following GC treatment (202). In patients with GC refractory obstructive airway diseases, the use of theophylline and phosphoinositide 3-kinase delta (PI3K-δ) inhibitors can be considered to reduce the acetylation of GR/histones and achieve therapeutic goals (203). Some novel biologic therapies, such as omalizumab and mepolizumab targeting specific pathways, have shown promise in treating severe asthma patients, although individual responses may vary. The ongoing “Targeting Aging with Metformin (TAME)” trial aims to evaluate the health effects of metformin in individuals aged 65–80, as it may reduce the risk of adverse outcomes in asthma and COPD patients.

Anti-aging drugs possess significant therapeutic potential in pulmonary diseases, particularly for IPF patients, through inducing apoptosis. Studies have shown that anti-aging drugs can effectively restore the physical function of IPF patients, often combining dasatinib and quercetin. Dasatinib is a selective tyrosine kinase inhibitor that is commonly believed to mitigate the degree of pulmonary fibrosis and improve patients’ lung function and quality of life, whereas quercetin can inhibit inflammatory responses and fibrotic processes. The combination of both drugs has a synergistic effect, known as the Dasatinib–Quercetin (DQ) mixture. Another therapeutic approach called senomorphics works by intervening in specific mechanisms during the aging process rather than inducing cell apoptosis (204).

Targeted therapeutic strategies that activate DNA via PRRs can mitigate inflammatory responses in age-related pulmonary diseases. By inhaling recombinant DNaseI, high levels of extracellular DNA released by inflammatory cells after pulmonary infection can be degraded, thereby reducing inflammation (205, 206). H-151 is a potent STING inhibitor that achieves its therapeutic effect by inhibiting the cGAS-STING axis. Overall, DNaseI and H-151 exhibit potential therapeutic effects in pulmonary injury and disease models. However, further research is needed to demonstrate their efficacy and determine their potential impact in clinical applications.

Targeted therapy for lung cancer involves treatment strategies aimed at specific molecular targets within lung cancer cells. These targets can include aberrantly active proteins, mutated genes, or overexpressed receptors. By attacking these targets, tumor cells can be targeted more precisely while minimizing damage to normal cells. EGFR is a tyrosine kinase receptor whose aberrant activation or mutation is associated with the development and progression of certain NSCLC. Drugs targeting EGFR include Gefitinib and Erlotinib. ALK gene fusion is common in some NSCLC patients, and drugs targeting ALK include Crizotinib and Alectinib. These drugs inhibit the activity of ALK fusion proteins, blocking tumor cell proliferation. Additionally, previously mentioned PD-1 and PD-L1 immune checkpoint proteins help tumors evade immune attack by inhibiting immune responses in the tumor microenvironment. Targeted drugs include Pembrolizumab and Nivolumab.

We are all aware of the close association between the development of sepsis and the abnormal release of inflammatory mediators. Therefore, some research is exploring treatment approaches that target inflammatory mediators to suppress the inflammatory response. For example, anti-TNF drugs, anti-IL-1 drugs, etc. inhibit the production of inflammatory mediators, thereby reducing the inflammatory response and organ damage. It is also possible to target the modulation of the immune system, specifically by activating co-stimulatory signals in T cells, such as anti-CD28 antibodies, to enhance the immune system’s responsiveness and control infection.

Given that pulmonary diseases can also accelerate aging, targeted therapy against aging mechanisms could provide broad clinical benefits, aiming to prevent pulmonary diseases and complement more specific medical interventions.





Conclusion

Lung aging is a complex process characterized by cumulative damage and repair changes in the pulmonary cell system. It is closely related to the microenvironment of the lung. Age-related intrinsic mechanisms, such as stem cell pool depletion, mitochondrial dysfunction, increased oxidative stress, and telomere shortening, disrupt the maintenance of pulmonary cell homeostasis. Normal lung aging is associated with various structural and functional changes in the respiratory tract, leading to declines in pulmonary function, lung remodeling, reduced regeneration, and increased susceptibility to pulmonary diseases.

The lung has multiple innate and adaptive defense systems to maintain homeostasis and respond to external stimuli. However, with aging, various cell types in the lung, such as AEC1s, AEC2s, fibroblasts, endothelial cells, and ASM cells, undergo compositional and functional changes, increasing the susceptibility of older adults to the development and progression of pulmonary diseases. Immune senescence exacerbates the production of oxygen-free radicals and increases the production of pro-inflammatory cytokines, making persistent lower respiratory inflammation a reason why older adults are more susceptible to toxic environments and accelerated lung function decline. The poor prognosis and recovery of pulmonary diseases are attributed to age-related changes in innate and adaptive immune responses. Genetic background and lifestyle further promote pulmonary age-related changes, increasing the incidence and progression of airway diseases and susceptibility to infectious stimuli and toxins. Although research has revealed how the immune system of older adults is susceptible to bacterial and viral lung infections, the challenge lies in identifying which age-related molecular changes are targetable and which will have therapeutic benefits. Therefore, to prevent and treat pulmonary aging-related diseases, it is necessary to focus on the changes in the pulmonary microenvironment and take corresponding measures for intervention. In-depth study of lung aging mechanisms, exploration of age-related immune changes, and construction of prevention and immunomodulatory strategies are crucial for improving the prognosis of elderly patients.
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Selinexor, a selective inhibitor of nuclear export (SINE), is gaining recognition beyond oncology for its potential in anti-inflammatory therapy. This review elucidates Selinexor’s dual action, highlighting its anti-tumor efficacy in various cancers including hematologic malignancies and solid tumors, and its promising anti-inflammatory effects. In cancer treatment, Selinexor has demonstrated benefits as monotherapy and in combination with other therapeutics, particularly in drug-resistant cases. Its role in enhancing the effectiveness of bone marrow transplants has also been noted. Importantly, the drug’s impact on key inflammatory pathways provides a new avenue for the management of conditions like sepsis, viral infections including COVID-19, and chronic inflammatory diseases such as Duchenne Muscular Dystrophy and Parkinson’s Disease. The review emphasizes the criticality of managing Selinexor’s side effects through diligent dose optimization and patient monitoring. Given the complexities of its broader applications, extensive research is called upon to validate Selinexor’s long-term safety and effectiveness, with a keen focus on its integration into clinical practice for a diverse spectrum of disorders.
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1 Introduction

Selinexor, also known as KPT-330, is an oral small molecule drug that Selectively Inhibits Nuclear Export (SINE). It specifically inhibits exportin 1 (XPO1), which exports various proteins (including tumor suppressor proteins and growth regulators) from the nucleus to the cytoplasm (1). By inhibiting XPO1, Selinexor effectively traps these proteins in the nucleus, leading to the reactivation of tumor suppressor functions and induction of apoptosis in cancer cells. Selinexor’s mechanism of action distinguishes it from other oncology therapies, making it a viable clinical option for treating various tumor types, such as multiple myeloma and diffuse large B-cell lymphoma (1). Additionally, Selinexor has shown potential therapeutic applications beyond its initial approval for hematological malignancies, including breast cancer (2), lung adenocarcinoma (3), and gastric cancer (4), by inducing cell cycle arrest and promoting apoptosis.

However, Selinexor has emerged as a pivotal agent in the treatment of certain oncologic conditions, particularly demonstrating efficacy in scenarios where traditional therapies have failed. It is important to recognize that Selinexor is not intended as a first-line treatment option, nor is it recommended for direct comparison with standard treatment modalities. Its utility is specifically recognized in the treatment of drug-resistant or treatment-refractory cases, offering a novel avenue for patients who have exhausted other therapeutic options. This distinct role underscores the importance of understanding Selinexor’s unique mechanism of action, its therapeutic potential, and the need for precise patient selection criteria to optimize treatment outcomes.

But it is encouraging that Selinexor has demonstrated not only anti-tumor effects but also anti-inflammatory effects and protection against other inflammatory diseases, such as COVID-19 (5), sepsis (6), and Duchenne muscular dystrophy (DMD) (7). The applications of Selinexor will not be limited to oncology, and there may be broader areas that can be explored. The role of Selinexor will be explored in detail.




2 Selinexor in anti-cancer treatment



2.1 Selinexor in hematologic malignancies

Selinexor has shown effectiveness against blood cancers by inhibiting tumor growth and inducing the death of cancer cells, with a better safety profile for healthy cells compared to older treatments. Studies indicate its success as both a solo treatment and in combination with other therapies across various blood cancer types.

In significant research, the STORM trial investigated Selinexor in patients with advanced myeloma who had undergone numerous treatments, finding that approximately 26% experienced a reduction in cancer severity (8). The Boston trial examined the combination of Selinexor with bortezomib and dexamethasone in 402 patients, revealing that this regimen extended progression-free survival to nearly 14 months, offering notable benefits particularly to older individuals and those with renal issues (9).

The SADAL study evaluated Selinexor in individuals with advanced Large B-Cell Lymphoma after 2-5 prior treatments, reporting a 28% response rate and an average survival of 9 months with manageable side effects (10). An additional investigation into various Non-Hodgkin’s Lymphomas (NHL) in 70 patients showed a 31% response rate, supporting Selinexor’s role in treating relapsed or refractory cases (11).

Regarding other blood cancer types, a Phase I clinical trial combining Selinexor with chemotherapy for relapsed/refractory Acute Myeloid Leukemia (AML) reported a 70% overall response rate and a 50% complete remission rate (12). Another AML study with Selinexor, cytarabine, and idarubicin showed a 47.6% response rate and a median complete remission duration of 34 days, highlighting variable outcomes in such AML treatments (13). In chronic lymphocytic leukemia (CLL), Selinexor has been found to boost the effects of chemotherapeutic agents like Fludarabine and Bendamustine, or sustain the impact of PI3Kδ inhibitors, effectively overcoming resistance to single-agent therapies and preserving the drugs’ ability to kill tumor cells (14).




2.2 Selinexor in non-hematologic malignancies

Selinexor is broadening its horizons from blood cancers to include treatments for solid tumors, showcasing its versatility in oncology. This expansion reflects an active pursuit to uncover its full potential beyond hematologic applications, emphasizing the necessity for comprehensive clinical evaluations across various cancer types.

For advanced and metastatic malignancies, Selinexor has demonstrated a promising safety and efficacy profile. A Phase 1 study underscored its tolerability in patients with a range of advanced cancers, suggesting a potential for broader applicability (15).

In the realm of soft tissue sarcoma (STS), Selinexor’s combination with doxorubicin has yielded partial remission in 21% of patients, and stable disease in 63% (16, 17). This finding is significant, particularly for a diverse and rare cancer like STS, highlighting Selinexor’s capacity to fill therapeutic gaps where targeted options are limited.

Gynecological cancers, too, have seen potential benefits from Selinexor, with a Phase I study indicating partial or complete remission in patients treated with a combination of Selinexor, paclitaxel, and carboplatin (18). This promising result opens up new avenues for treatment in ovarian and endometrial cancers.

Research has broadened Selinexor’s application to encompass a variety of solid tumors, addressing complex cases such as salivary gland tumors, recurrent glioblastoma, metastatic triple-negative breast cancer, and castration-resistant prostate cancer (19–22). Although the outcomes of these studies vary, they collectively indicate potential clinical benefits of Selinexor across diverse solid tumors. Notably, the integration of Selinexor with radiotherapy has been shown to enhance apoptosis and reduce proliferation in colorectal cancer cell lines and xenograft tumor models, compared to either treatment alone. This synergistic effect has led to decreased tumor sizes and improved responses to radiation (23).

This exploration into non-hematologic malignancies with Selinexor represents a significant stride in cancer treatment, hinting at a versatile and effective option for a range of solid tumors. The ongoing challenge is to fine-tune treatment protocols and deepen understanding of its optimal use, particularly in combination therapies and specific patient demographics, to maximize Selinexor’s therapeutic advantage.




2.3 Summary of Selinexor in anti-tumor treatment

Selinexor, typically not used as a standalone therapy in antitumor regimens, excels when combined with other treatments, especially for blood cancers. This strategy offers renewed hope for patients who have exhausted other therapeutic options. The drug’s ability to enhance the efficacy of combination therapy regimens is marked by its capacity to attenuate the harsh effects of chemotherapy and maintain cancer cell sensitivity to ongoing treatments (24–26). Moreover, the integration of Selinexor into treatment strategies not only improves outcomes for resistant cases but also aids in preparing patients for bone marrow or stem cell transplants. By reducing cancer burden pre-transplant, Selinexor increases the likelihood of successful chemotherapy preparatory regimens, broadening the eligibility for these life-extending procedures (27–29).

While Selinexor introduces significant therapeutic benefits, its administration is not without challenges. A primary concern is hematological toxicities such as thrombocytopenia, which affects approximately 54% of treated patients, necessitating close monitoring and potential dose adjustments to mitigate severe bleeding risks (30). Gastrointestinal side effects are prevalent, with nausea and vomiting reported frequently. These effects can substantially impact patient quality of life and adherence to the therapy regime. Effective management strategies often involve supportive care measures, including the use of antiemetics and dietary adjustments to help patients better tolerate treatment (30). Concerns about hepatotoxicity are underscored by instances of elevated ALT levels, signaling potential liver injury. Though relatively rare, regular monitoring of liver function is essential for detecting any hepatic injury early, allowing for timely medical intervention (30). Additionally, Selinexor treatment has been associated with a heightened risk of infections, particularly upper respiratory tract infections, observed in about 17.8% of patients in clinical trials. This necessitates rigorous monitoring and preemptive management strategies to mitigate the risk and manage any infections promptly (30).

The use of biomarkers plays a critical role in monitoring Selinexor’s efficacy and managing resistance. Studies such as the BOSTON and STORM trials have uncovered a three-gene signature (WNT10A, DUSP1, and ETV7) that predicts Selinexor’s efficacy in treating multiple myeloma, in terms of both depth and duration of response (31). ABCC4, or ATP-binding cassette subfamily C member 4, has emerged as a significant biomarker for Selinexor sensitivity in multiple myeloma, with varying expression levels correlating with the drug’s effectiveness. This suggests ABCC4’s potential as a novel indicator of drug response, highlighted by weighted gene co-expression network analysis demonstrating its predictive value (32). Further, CRISPR-Cas9 screening has identified ASB8 as a critical element enhancing Selinexor sensitivity in various cancer types through the modulation of XPO1 proteasomal degradation. Additionally, the TGFβ-SMAD4 pathway has been identified as a significant factor in resistance to multiple myeloma, suggesting its potential as a biomarker for predicting therapeutic outcomes and devising strategies to overcome resistance (33). Monitoring the activity or expression of XPO1 and NF-kB, which are directly tied to Selinexor’s mechanism of action, can provide valuable insights into treatment effectiveness. These biomarkers are instrumental in adjusting therapeutic approaches to maximize patient benefits while minimizing adverse effects (34–36).

In summary, Selinexor’s role in overcoming chemotherapy resistance and facilitating bone marrow transplants underscores its value in treating blood cancers. This approach could significantly improve the chances of a cure for some patients.





3 Introduction to Selinexor and inflammation

The rationale for exploring Selinexor’s role in inflammatory pathways stems from its unique mechanism of action. By inhibiting XPO1, Selinexor effectively traps crucial regulatory proteins within the nucleus, thereby impeding their normal function in the cytoplasm. This action leads to the modulation of several cellular pathways involved in cell survival, inflammation, and immune responses. The nuclear retention of these proteins can result in the downregulation of pro-inflammatory cytokines and the modulation of other key components of inflammatory pathways.

This broad mechanism suggests a potential utility for Selinexor beyond oncology, targeting inflammatory and autoimmune diseases where dysregulation of cytokine signaling plays a significant role. The anti-inflammatory effects of Selinexor have been observed in various models of disease, providing a promising outlook for its application in treating chronic and acute inflammatory conditions.



3.1 Mechanism of action of Selinexor in inflammation



3.1.1 Focusing on proteins involved in inflammation

Selinexor targets several key pathways central to inflammation, notably the NF-κB and STAT3 signaling pathways. Under typical conditions, NF-κB is confined in the cytoplasm bound to IκB proteins. In response to inflammatory stimuli, IκB degrades, allowing NF-κB to enter the nucleus and activate genes that escalate the inflammatory response. Selinexor intervenes by stabilizing IκBα, thus hindering the nuclear translocation of NF-κB. This prevention reduces the transcription of pro-inflammatory cytokines and mediators, critical components that perpetuate inflammation. The suppression of these mediators is crucial for controlling inflammatory processes across various conditions (6).

Building on this mechanism, Selinexor also modulates the STAT3 signaling pathway, which plays a pivotal role in mediating inflammation. By retaining STAT3 in the nucleus, Selinexor limits its capability to activate downstream genes responsible for the inflammatory response. This containment reduces the overall inflammatory activity, providing therapeutic benefits especially in diseases where STAT3 is overly active (37).

Selinexor’s influence on immune regulation is primarily achieved through its action on NF-κB and STAT3, critical transcription factors involved in immune cell activation. By retaining these factors in the nucleus, Selinexor prevents them from promoting the expression of genes that drive the inflammatory and immune responses. This results in a reduction of immune cell activation and inflammatory signaling, making it beneficial for treating conditions with excessive immune activation (6).




3.1.2 Changes in cytokine profiles due to Selinexor treatment

Cytokines, small proteins crucial for cell signaling, play significant roles in the immune response during inflammation. Key cytokines like tumor necrosis factor-alpha (TNF-α), interleukins (IL-1β, IL-6), and interferons (IFNs) drive inflammatory responses, and their dysregulation can exacerbate disease severity and progression. Selinexor’s ability to modulate cytokine production largely stems from its inhibition of nuclear export. By blocking the nuclear export of transcription factors such as NF-κB and STAT3, Selinexor prevents them from activating genes responsible for pro-inflammatory cytokine production. This suppression leads to a notable reduction in cytokine levels, directly impacting the inflammatory process (6).

Clinically, Selinexor’s effect on cytokine levels has profound implications. It has been shown to significantly reduce concentrations of key pro-inflammatory cytokines, thereby alleviating symptoms and lessening disease severity. For instance, in diseases like rheumatoid arthritis or inflammatory bowel disease, where cytokine overproduction leads to tissue damage, Selinexor’s ability to modulate cytokine production can prevent tissue damage and reduce symptoms (38).

Furthermore, by altering cytokine profiles, Selinexor offers a new therapeutic approach for conditions inadequately managed by existing medications. This includes diminishing chronic disease flare-ups, reducing reliance on steroids or other immunosuppressants, and potentially improving patient quality of life. Additionally, the altered localization of signaling molecules through Selinexor’s action affects downstream signaling pathways essential for immune cell development and function, notably reducing the proliferation and differentiation of pro-inflammatory T cells crucial in autoimmune and inflammatory diseases.




3.1.3 Specific effects on T cells

Selinexor modulates T cell function primarily through the indirect effects of inhibiting nuclear export, which is crucial since T cells are central to both cell-mediated immunity and the modulation of other immune responses through cytokine production. By altering the localization and activity of key transcription factors such as NF-κB and STAT3, which are vital for T cell activation and proliferation, Selinexor prevents these factors from triggering the gene expression necessary for T cell responses. This retention within the nucleus significantly curtails the proliferation and activation of T cells, particularly those implicated in inflammatory responses (38).

Furthermore, T cells are prolific producers of cytokines like interleukin-2 (IL-2), interferon-gamma (IFN-γ), and tumor necrosis factor-alpha (TNF-α), which drive inflammation. By reducing the availability of transcription factors necessary for cytokine gene activation, Selinexor effectively diminishes cytokine production (39). This reduction is crucial for alleviating the inflammatory response, offering therapeutic benefits in diseases characterized by cytokine storms or persistent inflammation.

The suppression of inappropriate immune responses by Selinexor, especially in autoimmune diseases where T cells target self-antigens, alleviates symptoms associated with these conditions. By dampening T cell activation and reducing inflammatory cytokine levels, Selinexor aids in managing inflammatory diseases and contributes to maintaining immune homeostasis. These actions underscore Selinexor’s potential to modulate the immune system in ways fundamentally different from traditional immunosuppressive or immunostimulatory therapies, providing a novel approach to treating conditions where immune regulation is beneficial, such as autoimmune disorders and chronic inflammation.

Furthermore, Selinexor’s ability to prevent the creation of neutrophil extracellular traps (NETs) while maintaining neutrophil function provides strategic benefits in the treatment of illnesses defined by high NET activity (40). It affects cell death mechanisms, such as PANoptosis (pyroptosis, apoptosis, and necroptosis), by controlling the nuclear export of ADAR1-p150, highlighting its potential for treating cancer and inflammatory illnesses by modulating cell death pathways (41).

The therapeutic scope of Selinexor in anti-inflammatory therapy is complicated, encompassing nuclear output inhibition, cytokine production control, modulation of critical signaling pathways, and antiviral actions, as illustrated in Figure 1. These features make Selinexor and other SINE compounds intriguing candidates for the treatment of chronic inflammatory disorders and viral infections, paving the way for further study into their broad therapeutic applications.
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Figure 1 | Illustration of Selinexor’s Mechanism of Action in Modulating Inflammatory Pathways. This diagram depicts the mechanism of action of Selinexor in inhibiting inflammation. It shows the stabilization of IκBα, which prevents the translocation of NF-κB to the nucleus and the subsequent reduction in pro-inflammatory cytokine transcription. The image outlines Selinexor’s effect on various components of the inflammatory pathway, highlighting its role in downregulating cytokine production and modulating immune responses.





3.2 Clinical implications of Selinexor’s anti-inflammatory actions



3.2.1 Sepsis

Clinical studies have established Selinexor’s efficacy in modulating key inflammatory pathways in sepsis. In animal models, treatment with Selinexor has been observed to significantly improve survival rates. Specifically, it reduces lung damage caused by lipopolysaccharide (LPS) and decreases the accumulation of inflammatory cells in the peritoneal area. These effects are linked to reduced levels of pro-inflammatory cytokines such as TNF-α, IL-6, and HMGB1 (6). Selinexor’s mechanism of action in sepsis involves the inhibition of crucial inflammatory pathways, notably NF-kB and MAPK p38, which are integral to the inflammatory cascade in sepsis. This inhibition is significant as it directly affects the pathways that exacerbate sepsis, providing a targeted approach to reducing acute inflammatory reactions (6).




3.2.2 Antiviral applications

Selinexor and Verdinexor, members of the SINE chemical family, demonstrate potent antiviral properties by inhibiting the nuclear export of viral proteins crucial for assembly and replication. In animal models, including ferrets in COVID-19 studies, Selinexor has effectively reduced viral loads and mitigated inflammatory damage, indicating its role in managing severe viral infections through immune modulation and cytokine storm reduction (37). Verdinexor disrupts the lifecycle of Respiratory Syncytial Virus (RSV) by sequestering RSV M proteins in the cell nucleus, inhibiting replication of both A and B strains. This action simultaneously enhances p53 activity and reduces XPO1 levels, offering a strategic advantage against RSV (42).

In the context of COVID-19, Selinexor blocks the nuclear export of essential viral proteins such as ORF3b, ORF9b, and the nucleocapsid N protein, crucial for SARS-CoV-2 replication. It also reduces the cell surface presence of the ACE-2 receptor, limiting viral entry. Furthermore, Selinexor modulates immune responses by controlling the release of inflammatory cytokines, potentially alleviating cytokine storms commonly associated with severe COVID-19 cases through the inhibition of NF-kB pathways and direct effects on STAT3 and IL-6 transcription (37). Conversely, research by Rahman et al. suggests that pretreatment with Selinexor may enhance coronavirus replication, including in SARS-CoV-2 and mouse hepatitis virus (MHV), illustrating the complex effects of Selinexor on viral replication and inflammation, and underscoring the necessity for precise administration timing (40, 43).

These findings reveal the dual potential of Selinexor and KPT-335 in combating viral infections, showcasing their ability to control viral growth and inflammation. Despite promising initial results, the complexities and some contradictory findings underscore the need for further research to fully understand their therapeutic potential beyond cancer treatment and to integrate them into broader therapeutic frameworks.




3.2.3 Chronic inflammatory diseases

Selinexor, along with other SINE compounds such as KPT-8602, exhibits potential in treating both acute and chronic inflammatory diseases, spanning conditions like Duchenne Muscular Dystrophy (DMD), Parkinson’s Disease (PD), Calcific Aortic Valve Disease (CAVD), and pulmonary fibrosis. These compounds inhibit key inflammatory pathways, offering new therapeutic strategies across a spectrum of diseases.

In chronic conditions like DMD, Selinexor and KPT-8602 have shown promise by modulating inflammatory cytokines and pathways, improving muscle function, and slowing disease progression. Specifically, KPT-8602 not only enhances muscular architecture but also reduces serum levels of biomarkers associated with bone and muscle turnover, fostering conditions conducive to muscle healing and renewal (7). This dual approach targets both the structural damage and inflammatory underpinnings of DMD, making KPT-8602 a valuable therapeutic option. For PD, these compounds protect dopaminergic neurons by mitigating neuroinflammation, thereby potentially delaying the progression of the disease. The inhibition of critical pathways such as NF-kB and the NLRP3 inflammasome underscores their capacity to protect against neuronal degeneration, a hallmark of PD (44). In the realm of CAVD, Selinexor has demonstrated the ability to modulate inflammatory responses that contribute to pathological calcification, suggesting a role in managing diseases characterized by such calcifications (42). Recent insights into Selinexor’s impact on pulmonary fibrosis reveal its effectiveness through the inhibition of the XPO1 protein, influencing GBP5/NLRP3 inflammasome signaling pathways crucial in the inflammatory responses associated with fibrosis. This action suggests that Selinexor could be instrumental in treating conditions marked by widespread inflammation and fibrotic transformations (45).

Overall, the exploration of SINE compounds in treating benign diseases has garnered significant attention due to promising results that suggest a potential to control, if not decelerate, the progression of these conditions (42, 44). The broad applicability of SINE compounds in diverse inflammatory and autoimmune conditions supports continued research into their comprehensive anti-inflammatory effects across various diseases.






4 Limitations and future directions

As Selinexor’s role in treating both cancerous and non-cancerous conditions continues to be explored, it is evident that while the drug offers promising results in managing inflammation, there are significant gaps and limitations in our understanding that necessitate further investigation. One primary concern is Selinexor’s specificity as an XPO1 inhibitor, which influences a broad spectrum of proteins and can lead to unintended consequences, including severe side effects. This broad activity presents challenges, especially in chronic conditions where long-term treatment is required, as balancing efficacy and safety becomes critical (46, 47). The need for optimal dosing to achieve the desired anti-inflammatory effects without compromising safety is a significant hurdle, with higher doses potentially increasing the risk of adverse effects.

Additionally, while it is recognized that Selinexor modulates several key inflammatory pathways, the precise mechanisms by which it impacts specific conditions remain poorly understood. This incomplete mechanistic insight hampers the development of targeted therapies that could enhance Selinexor’s efficacy while minimizing side effects.

Looking ahead, future research should focus on developing targeted delivery systems that can localize Selinexor’s action to specific tissues or organs. This strategy would potentially reduce systemic side effects and enhance efficacy in localized inflammatory conditions, such as inflammatory bowel disease or rheumatoid arthritis. Exploring combination therapies that include Selinexor and other anti-inflammatory agents may also improve therapeutic effects and possibly reduce the necessary dosages, which could be tailored to specific pathways active in various inflammatory diseases.

Longitudinal studies are crucial for assessing the long-term effects and safety of Selinexor in chronic inflammation. Such studies would provide a more comprehensive understanding of its benefits and risks. Further research into identifying biomarkers that predict responses to Selinexor could improve patient selection and treatment monitoring, facilitating personalized treatment approaches that optimize therapeutic outcomes while minimizing adverse effects.

Moreover, expanding research to explore Selinexor’s effects in non-cancerous inflammatory diseases could uncover additional therapeutic uses and provide new insights into its anti-inflammatory properties, potentially opening new avenues for treatment across a broader range of inflammatory disorders. This ongoing research and the development of new clinical strategies are essential for fully realizing the potential of Selinexor in the management of both malignant and benign diseases, ensuring that treatments are both effective and safe for long-term use.




5 Conclusion

Selinexor is distinguished by its unique nuclear inhibition, exhibiting extensive effects. By trapping tumor suppressor proteins within the cell nucleus, Selinexor induces apoptosis in cancer cells, proving effective against various types of tumors, including hematologic malignancies and solid tumors. This positions it as a key therapeutic approach in oncology, especially valuable in cases resistant to conventional treatments.

Similarly, Selinexor demonstrates robust anti-inflammatory action through its key mechanism of XPO1 inhibition, which suppresses the activity of regulatory factors such as NF-kB and STAT3. This action effectively modulates immune responses and inflammatory pathways, enhancing its utility in treating both acute and chronic inflammatory diseases such as sepsis, DMD, and PD. This dual functionality not only broadens its therapeutic applications beyond oncology but also highlights its potential to manage a diverse array of diseases.

However, the transition of Selinexor from an anti-cancer to an anti-inflammatory agent has unveiled both its versatility and the complexities associated with its broader applications. Ongoing research is crucial in further unraveling its full potential, aiming to harness its capabilities while addressing any associated risks more effectively. The extensive clinical trials and continuous research efforts are essential to ensure the long-term safety and efficacy of Selinexor, optimizing its use in clinical practice.

As research advances, Selinexor continues to stand out not only for its significant therapeutic implications but also as a paradigm shift in the management of complex disorders. Its ability to concurrently address oncological and inflammatory diseases underscores its potential as a versatile therapeutic tool. This highlights the importance of continued investigations into its mechanisms and therapeutic applications to fully realize and utilize its extensive benefits.
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Introduction

Atherosclerosis, a leading cause of global cardiovascular mortality, is characterized by chronic inflammation. Central to this process is the NOD-like receptor pyrin domain containing 3 (NLRP3) inflammasome, which significantly influences atherosclerotic progression. Recent research has identified that the olfactory receptor 2 (Olfr2) in vascular macrophages is instrumental in driving atherosclerosis through NLRP3- dependent IL-1 production.





Methods

To investigate the effects of Corilagin, noted for its anti-inflammatory attributes, on atherosclerotic development and the Olfr2 signaling pathway, our study employed an atherosclerosis model in ApoE−/− mice, fed a high-fat, high-cholesterol diet, alongside cellular models in Ana-1 cells and mouse bone marrow-derived macrophages, stimulated with lipopolysaccharides and oxidized low-density lipoprotein.





Results

The vivo and vitro experiments indicated that Corilagin could effectively reduce serum lipid levels, alleviate aortic pathological changes, and decrease intimal lipid deposition. Additionally, as results showed, Corilagin was able to cut down expressions of molecules associated with the Olfr2 signaling pathway.





Discussion

Our findings indicated that Corilagin effectively inhibited NLRP3 inflammasome activation, consequently diminishing inflammation, macrophage polarization, and pyroptosis in the mouse aorta and cellular models via the Olfr2 pathway. This suggests a novel therapeutic mechanism of Corilagin in the treatment of atherosclerosis.





Keywords: atherosclerosis, inflammation, Olfr2, NLRP3 inflammasome, corilagin, therapeutic strategies





Introduction

Cardiovascular diseases, the leading cause of death globally, represent a severe health burden across both the high-income and developing nations (1–3). Atherosclerosis is the dominant risk factor for cardiovascular events including myocardial infarction, strokes, and peripheral arterial disease (4). Although various treatments exist for arteriosclerosis, including lipid-lowering and anti-platelet aggregation therapy, issues such as drug resistance, intolerance, and increased risk of sever bleeding events are prevalent (3, 5–7). Atherosclerosis is recognized as a chronic inflammatory condition characterized by the presence of immune cells in lesions, which produce a range of pro-inflammatory cytokines (8, 9). Macrophages, the pro-inflammatory cells, make significant contributions to the development of atherosclerosis (10). Normal and modified lipoproteins are accumulated in macrophages, promoting foam cell formation and activation of innate immune receptors likes NOD-like and Toll-like receptors (NLRs and TLRs) to exacerbate inflammation and plaque progression (11, 12).

The NOD-like receptor pyrin domain containing 3 (NLRP3) inflammasome, a complex of multimeric cytosolic proteins, is pivotal in atherosclerotic progression (2, 8, 13, 14). Additionally, dysregulation of TLRs is a crucial mechanism for inflammation and atherosclerosis, primarily due to their role in regulating the expression of key molecules (8, 15–17). The activation of the NLRP3 inflammasome in macrophages typically requires two distinct signals: priming and activation (2, 8, 18). During priming, TLRs or cytokine receptors, stimulated by damage-associated and pathogen-associated molecular patterns, transcriptionally upregulate NLRP3, pro-IL-18, and pro–IL-1β via NF-κB signaling, thus facilitates NLRP3-mediated inflammasome assembly (2, 8, 19–21). In the activation phase, factors such as phagolysosomal rupture, disrupted ion homeostasis, mitochondrial damage, or reactive oxygen species are identified as common triggers for NLRP3 activation (2, 22–24). Subsequently, NIMA-related kinase 7 (NEK7) interacts with NLRP3 to recruit pro-caspase-1 through the apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC). Activated caspase-1 then converts pro-IL-1β and pro-IL-18 into their active forms, also triggering gasdermin D (GSDMD) production (2, 25–28). NLRP3 inflammasome activation could cause the overexpression of inflammatory factors involved in atherosclerosis progression (8, 29), the polarization of macrophages into M1 type that fosters tissue destruction and secretion of pro-inflammatory factors (30, 31), and the increasing expression of GSDMD resulting in pyroptosis to enhance vascular permeability and membrane damage (32–34). Recently, Orecchioni et al. have revealed that olfactory receptor 2 (Olfr2) interacts with TLR4 in vascular macrophages leading to NLRP3 inflammasomes activation via adenylate cyclase 3 (Adcy3) to drive atherosclerosis development, provides a new target for the prevention and treatment of atherosclerosis (35).

Corilagin, a polyphenolic monomer isolated from Phyllanthus urinaria, exhibits diverse pharmacological properties including antitumor, antioxidant, and anti-inflammatory effects (17, 36). It can ameliorate inflammatory lesions in macrophages by inhibiting NLRP3 inflammasome activation and pyroptosis (37, 38). Nonetheless, the specific impact of Corilagin on NLRP3 inflammasome activation in atherosclerosis necessitates further investigation. TLR4 can provide the priming signal of NLRP3 inflammasome activation via NF-κB pathway (12). Several researches have indicated Corilagin’s potential in preventing and treating atherosclerosis (17, 39–42), and find Corilagin probably mitigate atherosclerosis by inhibiting the TLR4 signaling pathway (17, 40). However, its regulatory mechanisms remain unclear, necessitating further investigation into its anti-atherosclerotic efficacy. Consequently, we hypothesize that Corilagin can suppress the activation of NLRP3 inflammasome to alleviate atherosclerosis by disrupting the Olfr2 signaling pathway. This study aims to examine the potential effects and mechanisms of Corilagin on atherosclerosis through the Olfr2 pathway, employing treatments on Ana-1 cells, primary mouse bone marrow-derived macrophages (BMDMs), and atherosclerotic models in ApoE−/− mice.





Materials and methods




Reagents

Corilagin standard substance (SC9500, purity ≥ 98%) for cells and aspirin for animals (A8830, purity ≥ 98%) were purchased from Solarbio (Beijing, China). Corilagin for animal experimentation (N0272, purity 90% ~ 99%) was obtained from Hengcheng Zhiyuan Biotechnology (Sichuan, China). Aspirin for cells (B21505, purity ≥ 98%) was purchased from Yuanye Biotechnology (Shanghai, China). Oxidized low-density lipoprotein (Ox-LDL) was purchased from Yiyuan Biotechnology (YB-002, Guangzhou, China). Lipopolysaccharides (LPS, L8880) was purchased from Solarbio. Fetal bovine serum (FBS, 10099–141) and Roswell Park Memorial Institute (RPMI)-1640 were obtained from Gibco (New York, USA). Phosphate buffer saline (PBS) was obtained from Servicebio (G4202, Wuhan, China) and 4% paraformaldehyde (PFA) was purchased from Biosharp (BL520, Guangzhou, China).





Cell culture and infection

The Ana-1 cell line, a murine macrophage line Ana-1 cells, was obtained from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in RPMI-1640 medium containing 10% FBS and maintained at 37°C in a saturated humidity incubator with 5% CO2. The lentivirus of short hairpin (Sh)-Olfr2 (Sh-Olfr2), Olfr2-overexpression (Olfr2-OE), Sh-Control (Sh-Ctrl), and Control-OE (Ctrl-OE) were constructed by GeneChem (Shanghai, China). Ana-1 cells were planted into 6‐well plates with a density of 1×105/well for 24h and then infected with lentivirus with a multiplicity of infection of 40 according to our previous experiment (17). The medium was replaced within 12h after infection and were cultured for an additional 72h. Then, 2µg/ml of puromycin (Sigma–Aldrich, St. Louis, MO, USA) was added to the complete medium to kill the wild-type cells for 2 weeks, and the culture medium was changed every 2 days. The efficiency of infection was determined by quantitative real-time PCR (RT-qPCR). We cultured the remaining lentivirus‐infected cells for further experimentations.





BMDMs generation

The femora and tibiae from C57BL/6J were flushed with 5ml ice cold RPMI-1640 medium to isolate mouse bone marrow. Bone marrow cells were filtered by a 70µm cell strainer (BS-70-XBS, Biosharp) and red blood cell lysis buffer (R1010, Solarbio) was utilized to lyse red blood cells. The remaining cells were cultured in RPMI-1640 medium supplemented with 20ng/ml of mouse recombinant macrophage-colony stimulating factor (315–02, Peprotech, NJ, USA) for 7 days. The culture medium was changed every 2 days to obtain BMDMs for further studies.





Cell stimulation and treatment

Ana-1 Cells or BMDMs were seeded at 6-well plates overnight. They were divided into 6 groups: the Control group, the Model group, the Aspirin group (Positive control group), the Corilagin (100μg/ml) group, the Corilagin (50μg/ml) group, and the Corilagin (25μg/ml) group. Except the Control group, the other groups were stimulated with LPS (1μg/ml) and Ox-LDL (100μg/ml) for 24h. Subsequently, the Aspirin group and the Corilagin (100, 50 and 25μg/ml) groups were treated with aspirin and different concentrations of Corilagin. In addition, the lentivirus‐infected cells were grown on 6-well plates for 24h and divided into 8 groups: the Sh-Ctrl group, the Sh-Olfr2 group, the Sh-Ctrl+Corilagin (100μg/ml) group, the Sh-Olfr2+Corilagin (100μg/ml) group, the Ctrl-OE group, the Olfr2-OE group, the Ctrl-OE+Corilagin (100μg/ml) group, and the Olfr2-OE+Corilagin (100μg/ml) group. After all groups stimulating by LPS+Ox-LDL for 24h, the Sh-Ctrl+Corilagin group, the Sh-Olfr2+Corilagin group, the Ctrl-OE+Corilagin group, and the Olfr2-OE+Corilagin group were treated with Corilagin. After treating with Corilagin for 24h in our study, cell culture medium and cell lysates were gathered for subsequent experiments (Supplementary Figure 1).





Animal treatments and sample collection

All animal experimental protocols are approved by the Animal Care and Use Committee of Bainte Biotechnology (Wuhan, China) [[2023] IACUC number: 004]. ApoE−/− mice (male, 5 weeks, 18–24g) were provided by Bainte Biotechnology and exposed to a 12-h light/dark cycle in plenty of water and food. After a week of adaptive feeding, mice were randomly divided into 14 groups with six mice in each group: the Control group, the Model group, the Aspirin group, the Corilagin (40mg/kg) group, the Corilagin (20mg/kg) group, the Corilagin (10mg/kg) group, the Sh-Ctrl group, the Sh-Olfr2 group, the Sh-Ctrl+Corilagin group, the Sh-Olfr2+Corilagin group, the Ctrl-OE group, the Olfr2-OE group, the Ctrl-OE+Corilagin group, and the Olfr2-OE+Corilagin group. The Control group was fed a normal diet while other groups were fed a high fat and cholesterol diet (D12108C; HFK Bios) for 8 weeks. After feeding 8 weeks, the Sh-Ctrl group, the Sh-Olfr2 group, the Sh-Ctrl+Corilagin (40mg/kg) group, the Sh-Olfr2+Corilagin (40mg/kg) group, the Ctrl-OE group, the Olfr2-OE group, the Ctrl-OE+Corilagin (40mg/kg) group, and the Olfr2-OE+Corilagin (40mg/kg) group were injected lentivirus (4×107Tfu, 20μl) via tail vein. Simultaneously, the same amount of physiologic (0.9%) saline were gave in the Control group, the Model group, the Sh-Ctrl group, the Sh-Olfr2 group, the Ctrl-OE group and the Olfr2-OE group, and other groups were treated with aspirin or different concentrations of Corilagin through intragastric administration every 2 days for 2 weeks (Supplementary Figure 2). Finally, mice were sacrificed and perfused with PBS. Aortas were divided into two segments: the vessel closed to aortic root was reserved in 4% PFA for hematoxylin and eosin (HE), Oil Red O, and immunohistochemical (IHC) staining, whereas the other section was placed at -80°C for RT-qPCR and western blotting (WB) analysis. Blood samples were collected by removing mouse eyeballs. Serum was separated by centrifugation at 4°C (2500rpm, 15min) and stored at -80°C for serum lipids detection and Enzyme-Linked Immunosorbent Assay (ELISA) analysis.





Quantitative real-time PCR analysis

The mRNA expressions of Olfr2, iNOS, Adcy3, NLRP3, GSDMD, Caspase-1, Arg-1, NEK7, ASC, IL-1β, IL-18, and TNF-α were measured by RT-qPCR. Total RNA was isolated from Ana-1 cells, BMDMs, or aortas by Trizol reagent (R401–01, Vazyme, Nanjing, China). The isolated total RNA was reverse transcribed into complimentary (c)DNA via the HiScript II Q RT SuperMix (R223–01, Vazyme). The RT-qPCR was performed on StepOne™ Plus device (Applied Biosystems, Foster City, CA, USA) following the protocol of HiScript II One Step RT-qPCR SYBR Green Kit (Q221–01, Vazyme). The 2-ΔΔCT method was used to analyze the relative mRNA expression normalized to the reference gene GAPDH. All primers were synthesized by TSINGKE (Wuhan, China). The primer sequences of genes were presented in Table 1.

Table 1 | Primer sequences used in this study.
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Western blotting analysis

The protein expressions of iNOS (A3774, Abclonal), Adcy3 (19492–1-AP, Proteintech), NLRP3 (ab270449, Abcam), GSDMD (66387–1-Ig, Proteintech), Caspase-1 (22915–1-AP, Proteintech), Arg-1 (16001–1-AP, Proteintech), NEK7 (A19816, Abclonal), and ASC (67824, Cell Signaling Technology) were measured by WB. Total protein was isolated from Ana-1 cells, BMDMs, or aortas by RIPA lysis buffer and protease inhibitor (P0013B and P1005, Beyotime, Shanghai, China), and quantified according to the instructions of the BCA Protein Assay Kit (P0012, Beyotime). The protein samples were separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. Membranes were blocked with 5% non-fat milk in Tris-buffered saline and Tween 20 (TBST) for 1h and incubated with primary antibodies at 4°C overnight. After washing thrice with TBST, membranes were incubated with horseradish peroxidase-conjugated secondary antibody (SA00001–1 and SA00001–2, Proteintech, Wuhan, China) for 1h at room temperature (RT). These membranes were exposed in a dark room via electrochemiluminescence reagent (BL520, Biosharp). Finally, the grayscale values were measured by ImageJ software to quantify the WB bands contracted with GAPDH (60004–1-Ig, Proteintech).





Serum lipids and inflammatory cytokines analysis

Triglyceride (TG), Total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), and low-density lipoprotein cholesterol (LDL-C) in the serum of mice were detected by an automatic biochemical analyzer (Shenzhen Leidu Life Sciences, China). The level of IL-1β, IL-18, and TNF-α in the mouse serum or cell supernatant was measured through ELISA Kits from Ruixin Biotechnology (Quanzhou, China).





Histological analysis

Sections were stained with HE to visualize pathological changes in the vascular tissue and Oil red O staining was applied for lipid plaques analysis. Images were captured by an electron microscope (Olympus, Tokyo, Japan) and analyzed by ImageJ software. Besides, Olfr2 expression in animal model was examined through IHC staining. The tissue sections were stained with Olfr2 antibody (1:500, OSR00025G, Thermo Fischer) followed by Goat Anti-Rabbit IgG (1:200, G1213, Servicebio, Wuhan, China). The sections were incubated with 3,3-diaminobenzidine and counterstained with hematoxylin. Finally, images were captured by an automatic scanning microscope (Zeiss, Germany) and analyzed via ImageJ software.





Flow cytometric analysis

Cluster of differentiation (CD) 86 and CD206 expressions were measured by flow cytometric (FC) analysis. Ana-1 cells or BMDMs treated as indicated above were incubated with Mouse Fc block™ solution (553141, BD Biosciences, San Jose, CA, USA) for 5min at 4°C. Then they were stained with fluorescein isothiocyanate anti-F4/80 antibody (123107, BioLegend, San Diego, CA, USA), phycoerythrin anti-cluster of CD 86 antibody (E-AB-F099D), and peridinin chlorophyll protein/Cyanine5.5 anti-CD11b antibody (E-AB-F1081J, Elabscience, Wuhan, China) for 30 min at 4°C. All cells were washed two times with cold PBS and incubated with BD Cytofix/Cytoperm™ Fixation and Permeabilization Solution (554722) for 30min at 4°C. In order to permeabilization, the fixed cells were washed two times and incubated in 1X BD Perm/Wash™ buffer (554723) for 15min at 4°C. The fixed/permeabilized cells were thoroughly suspended in 100µL of 1X BD Perm/Wash™ buffer and stained with allophycocyanin anti-CD206 antibody (141707, BioLegend) in the dark for 30min at RT. After washing twice with PBS, cell suspensions were analyzed on a BD FACSCalibur™ flow cytometer and calculated by FlowJo software (Treestar Inc).





Immunofluorescence analysis

The Olfr2 expression was performed by immunofluorescence (IF) analysis. Ana-1 cells or BMDMs were cultured on 14 mm round coverslips (BS-14-RC, Biosharp) in the 24-well plate (703001, Nest) and treated as described above. Cells were fixed with 4% PFA for 10min at RT. After washed three times with cold PBS, samples were incubated with 5% BSA (G1208, Servicebio) for 10min at RT and maintained in Olfr2 antibody (1:500, Thermo Fischer) at 4°C overnight. Subsequently, cells were washed three times and stained with secondary antibody (1:200, GB25303, Servicebio) for 1h at RT. DAPI (G1012, Servicebio) was used to stain nuclei in the dark for 10min. After washed three times, coverslips were sealed with anti-fluorescence quenching reagent (G1401, Servicebio) on glass slides. Images were captured by Zeiss scanning microscope and analyzed via ImageJ software.





Statistical analysis

All statistical analyses were performed by using GraphPad Prism 9.0 software. Data were presented as the mean ± standard deviation (SD). Shapiro-Wilk test was performed to assess the normalcy, and p > 0.05 was defined as normally distributed. Brown-Forsythe test was performed to assess the equality of variances, and p > 0.05 was defined as equal variances. Student’s t-test was performed to compare data between two groups and one-way analysis of variance (ANOVA) test was performed for multiple comparisons, and p < 0.05 was defined as statistically significant.






Result




Effects of corilagin on atherosclerosis in vivo

To investigate the impact of Corilagin on atherosclerotic lesion formation, we established an ApoE−/− mouse model for in vivo experiments. HE staining, as depicted in Figure 1A, demonstrated that the aorta intima in the Model group was notably deformed and thickened, with the formation of plaques predominantly composed of foam cells and fibrous tissue. In contrast with the Model or Aspirin group, the Corilagin (40mg/kg) group exhibited a reduction in intima thickness and foam cell numbers. In addition, the percentage of red lipid plaques in the Corilagin groups was lower than that in both the Model and Aspirin group (Figure 1A). Furthermore, serum lipid levels of TG, TC and LDL-C in the Corilagin (20 and 40mg/kg) groups were reduced, while HDL-C levels were elevated compared to both the Model and Aspirin group (Figure 1D). These results indicated that Corilagin effectively mitigates atherosclerotic lesions in this animal model.
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Figure 1 | Effects of Corilagin on atherosclerosis and Olfr2 signal pathway in vivo. (A) Pathological changes, plaque coverage percentage, and Olfr2 expression in mouse aorta were visualized by HE, Oil red O, and IHC staining respectively and quantitative analyses of intima thickness and foam cell number based on HE, plaque coverage percentage based on Oil red O, and Olfr2 expression based on IHC. Black arrows indicated aorta intima and blue arrows indicated foam cell and fibrous tissue in HE. Yellow arrows indicated lipid plaque in Oil red O. Green arrows indicated the area of Olfr2 expression in IHC. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 6). Data was presented as the mean ± SD. Scale bars, 50μm. (B) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7, GSDMD, IL-1β, IL-18, Arg-1, iNOS, and TNF-α in mouse aorta was measured by RT-qPCR. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD. (C) Protein expression of iNOS, Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, Arg-1, and ASC in mouse aorta was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD. (D) Serum lipids of mice were detected by an automatic biochemical analyzer. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data were presented as the mean ± SD. (E) IL-1β, IL-18, and TNF-α in the mouse serum were measured by ELISA. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD.





Effects of corilagin on Olfr2 and downstream molecules in vivo and vitro

To explore the effect of Corilagin on Olfr2 expression, qRT-PCR, IHC and IF were performed to assess Olfr2 levels in aortic tissues and cellular models. Olfr2 expression was significantly reduced in the Corilagin (40mg/kg or 100µg/ml) group compared to both the Model and Aspirin group (Figures 1A, 1B, 2A, 2C, 3A, 3C). The reduction in Olfr2 expression in atherosclerotic mice and cellular models probably suggested a potential pathway through that Corilagin regulated atherosclerosis development. To elucidate the underlying molecular mechanisms of Corilagin’s anti-atherosclerotic effects, we further analyzed downstream molecules associated with Olfr2 in vivo and vitro experiments. The mRNA and protein levels of Adcy3, NLRP3 inflammasome effectors (NLRP3, Caspase-1, NEK7 and ASC) and the cell pyroptosis-related molecule (GSDMD) were lower in the Corilagin (40mg/kg or 100µg/ml) group than in the Model group (Figures 1B, 1C, 2A, 2B, 3A, 3B). In the Corilagin (40mg/kg) group, both mRNA and protein levels of iNOS in mouse aortic tissues were significantly reduced compared to the Model group, as evidenced in Figures 1B, 1C. Conversely, Arg-1 levels demonstrated a reverse pattern, indicating an anti-inflammatory effect. Similarly, in cellular models, the Corilagin treatment (100µg/ml) led to a reduction in M1 macrophage polarization markers (iNOS and CD86), while markers associated with M2 macrophage polarization (Arg-1 and CD206) were elevated, compared to the Model group (Figures 2A, 2D, 3A, 3D). Additionally, inflammatory factors such as IL-1β, IL-18, and TNF-α measured via RT-qPCR and ELISA, showed reduced expression following Corilagin (40mg/kg or 100µg/ml) treatment when compared to the Model or Aspirin group (Figures 1B, 1E, 2A, 2E, 3A, 3E). Consequently, these results led us to hypothesize that Corilagin could suppress NLRP3 inflammasome activation and subsequent cytokine production, macrophage polarization, and cell pyroptosis by inhibiting the Olfr2 signaling pathway.
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Figure 2 | Effects of Corilagin on Olfr2 signal pathway in LPS+Ox-LDL-induced Ana-1 cells. (A) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7, GSDMD, IL-1β, IL-18, Arg-1, iNOS, and TNF-α in Ana-1 cells was measured by RT-qPCR. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD. (B) Protein expression of Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, and ASC in Ana-1 cells was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD. (C) Olfr2 expression in Ana-1 cells was visualized by IF and quantitative analyses of Olfr2 level based on IF. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 6). Data was presented as the mean ± SD. Scale bars, 20μm. (D) CD86 and CD206 expression in Ana-1 cells were measured by FC and quantitative analyses of CD86 and CD206 level based on FC. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD. (E) IL-1β, IL-18, and TNF-α in Ana-1 cell supernatant were measured by ELISA. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD.

[image: Charts and images demonstrate the effects of Corilagin on inflammation-related markers. Panel A shows mRNA quantities of various inflammatory genes; Panel B displays protein levels via Western blot; Panel C includes immunofluorescence images and quantification; Panel D depicts flow cytometry dot plots for cell markers; Panel E presents cytokine concentrations with statistical analyses. Control, Model, Aspirin, and Corilagin treatments are compared.]
Figure 3 | Effects of Corilagin on Olfr2 signal pathway in LPS+ox-LDL-induced primary mouse BMDMs. (A) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7, GSDMD, IL-1β, IL-18, Arg-1, iNOS, and TNF-α in primary mouse BMDMs was measured by RT-qPCR. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD. (B) Protein expression of Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, and ASC in primary mouse BMDMs was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD. (C) Olfr2 expression in primary mouse BMDMs was visualized by IF and quantitative analyses of Olfr2 level based on IF. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 6). Data was presented as the mean ± SD. Scale bars, 20μm. (D) CD86 and CD206 expression in primary mouse BMDMs were measured by FC and quantitative analyses of CD86 and CD206 level based on FC. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD. (E) IL-1β, IL-18, and TNF-α in primary mouse BMDMs cell supernatant were measured by ELISA. *p < 0.05 compared with the Control group, #p < 0.05 compared with the Model group, Δp < 0.05 compared with the Aspirin group determined by one-way ANOVA test (n = 3). Data was presented as the mean ± SD.





Effects of corilagin on atherosclerosis after downregulating Olfr2 in vivo

We specifically downregulated Olfr2 expression in the animal model to further demonstrate the mechanism behind Corilagin therapeutic effects. As depicted in Figures 4A, 4D, the Sh-Olfr2 group exhibited improvements in pathological changes, percentage of lipid deposition, and serum lipid levels of TG, TC and LDL-C compared to the Sh-Ctrl group. These data might illustrate that the attenuation of Olfr2 expression may contribute to prevent atherosclerotic lesions. Additionally, when Olfr2 expression was decreased, the therapeutic effects of Corilagin on pathological changes, lipid deposition percentages, and serum lipid levels were diminished (Figures 4A, 4D). These outcomes indicated Olfr2 might serve as a critical pathway for Corilagin’s atherosclerosis prevention effects.
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Figure 4 | Effects of Corilagin on atherosclerosis and Olfr2 signal pathway after downregulating Olfr2 in vivo. (A) Pathological changes, plaque coverage percentage, and Olfr2 expression in mouse aorta were visualized by HE, Oil red O, and IHC staining respectively and quantitative analyses of intima thickness and foam cell number based on HE, plaque coverage percentage based on Oil red O, and Olfr2 expression based on IHC. Black arrows indicated aorta intima and blue arrows indicated foam cell and fibrous tissue in HE. Yellow arrows indicated lipid plaque in Oil red O. Green arrows indicated the area of Olfr2 expression in IHC. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 6), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 6), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 6). Data was presented as the mean ± SD. Scale bars, 50μm. (B) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7, GSDMD, IL-1β, IL-18, Arg-1, iNOS, and TNF-α in mouse aorta was measured by RT-qPCR. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 3). Data was presented as the mean ± SD. (C) Protein expression of iNOS, Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, Arg-1, and ASC in mouse aorta was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 3). Data was presented as the mean ± SD. (D) Serum lipids of mice were detected by an automatic biochemical analyzer. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 3). Data was presented as the mean ± SD. (E) IL-1β, IL-18, and TNF-α in the mouse serum were measured by ELISA. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 3). Data was presented as the mean ± SD.





Effects of corilagin on Olfr2 and downstream molecules after downregulating Olfr2 in vivo and vitro

To validate our hypothesis that Corilagin could suppress NLRP3 inflammasome activation and subsequent cytokine production, macrophage polarization, and pyroptosis by inhibiting the Olfr2 signaling pathway, we investigated the changes of Olfr2 and downstream molecules expression after downregulating Olfr2. Compared to the Sh-Ctrl group, Olfr2 mRNA levels in the Sh-Olfr2 group fell nearly 50% and 60% in the ApoE−/− mouse and Ana-1 cell models (Figures 4B, 4A). These results confirmed the effective inhibition of Olfr2 expression in this study. As illustrated in Figures 4A–C, 4E, 5A–5E, the reduction in Olfr2, iNOS, Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, ASC, IL-1β, IL-18, TNF-α, and CD86 induced by Corilagin was less pronounced when Olfr2 expression was decreased. Therefore, we inferred that Corilagin could suppress NLRP3 inflammasome activation to prevent inflammatory cytokines secretion, markers of M1 macrophage polarization expression, and pyroptosis-related molecule production via inhibiting the Olfr2 signaling pathway.
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Figure 5 | Effects of Corilagin on Olfr2 signal pathway after downregulating Olfr2 in vitro. (A) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7, GSDMD, IL-1β, IL-18, Arg-1, iNOS, and TNF-α in Ana-1 cells was measured by RT-qPCR. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 3). Data was presented as the mean ± SD. (B) Protein expression of Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, and ASC in Ana-1 cells was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 3). Data was presented as the mean ± SD. (C) Olfr2 expression in Ana-1 cells was visualized by IF and quantitative analyses of Olfr2 level based on IF. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 6), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 6), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 6). Data was presented as the mean ± SD. Scale bars, 20μm. (D) CD86 and CD206 expression in Ana-1 cells were measured by FC and quantitative analyses of CD86 and CD206 level based on FC. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 3). Data was presented as the mean ± SD. (E) IL-1β, IL-18, and TNF-α in Ana-1 cell supernatant were measured by ELISA. *p < 0.05 compared with the Sh-Ctrl group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Sh-Ctrl+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Sh-Olfr2 group determined by Student’s t-test (n = 3). Data was presented as the mean ± SD.





Effects of corilagin on atherosclerosis by upregulating Olfr2 in vivo

To verify that Corilagin exerted anti-atherosclerotic effects via the Olfr2 signaling pathway, we conducted in vivo experiments involving the upregulation of Olfr2 to monitor changes in atherosclerotic conditions. As depicted in Figures 6A, 6D, the Olfr2-OE group exhibited more severe pathological changes, increased lipid deposition percentage, and elevated serum lipid levels of TG, TC and LDL-C compared to the Ctrl-OE group. These findings suggested that boosting Olfr2 levels could intensify atherosclerosis. Moreover, when Olfr2 expression was augmented, the therapeutic effects of Corilagin on reducing histological changes and lipid deposition were more pronounced (Figures 6A, 6D). These results indicated that Corilagin’s influence on atherosclerosis was indeed associated with Olfr2 expression.

[image: A composite image showing various experimental results. Panel A includes histology images with HE, Oil Red O, and IHC staining across different conditions: Ctrl-OE, Ctrl-OE+Corilagin, Olfr2-OE, and Olfr2-OE+Corilagin. Graphs in Panels B, D, and E display quantitative measurements of intima thickness, foam cell number, plaque coverage percentage, mRNA, protein concentrations, and cytokine levels. Panel C shows Western blot results for proteins such as iNOS and Caspase-1. Data are compared across the different conditions, highlighting significant differences with symbols.]
Figure 6 | Effects of Corilagin on atherosclerosis and Olfr2 signal pathway after upregulating Olfr2 in vivo. (A) Pathological changes, plaque coverage percentage, and Olfr2 expression in mouse aorta were visualized by HE, Oil red O, and IHC staining respectively and quantitative analyses of intima thickness and foam cell number based on HE, plaque coverage percentage based on Oil red O, and Olfr2 expression based on IHC. Black arrows indicated aorta intima and blue arrows indicated foam cell and fibrous tissue in HE. Yellow arrows indicated lipid plaque in Oil red O. Green arrows indicated the area of Olfr2 expression in IHC. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 6), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 6), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 6). Data was presented as the mean ± SD. Scale bars, 50μm. (B) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7, GSDMD, IL-1β, IL-18, Arg-1, iNOS, and TNF-α in mouse aorta was measured by RT-qPCR. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 3). Data was presented as the mean ± SD. (C) Protein expression of iNOS, Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, Arg-1, and ASC in mouse aorta was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 3). Data was presented as the mean ± SD. (D) Serum lipids of mice were detected by an automatic biochemical analyzer. WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 3). Data was presented as the mean ± SD. (E) IL-1β, IL-18, and TNF-α in the mouse serum were measured by ELISA. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 3). Data was presented as the mean ± SD.





Effects of corilagin on Olfr2 and downstream molecules after upregulating Olfr2 in vivo and vitro

We augmented Olfr2 expression in ApoE−/− mice and Ana-1 cell models to further elucidate the molecular mechanisms of Corilagin anti-atherosclerotic effects. Compared to the Ctrl-OE group, the level of Olfr2 mRNA in the Olfr2-OE group increased by approximately 120% and 150% in vivo and vitro samples, respectively (Figure 6B, 7A). This elevation indicates a successful increase in Olfr2 expression following upregulation. Notably, with enhanced Olfr2 expression, Corilagin more effectively reduced the expression of molecules involved in the Olfr2 signaling pathway in the Olfr2-OE+Corilagin group (Figures 6A–6C, 6E, 7A–7E). This trend supported and potentially strengthened the conclusion illustrated in the second part of results, affirming the role of Corilagin in modulating the Olfr2 signaling pathway.

[image: Graphs, charts, and images depict the effects of Olfr2 overexpression (OE) and corilagin treatment on various cellular and molecular markers. Panel A shows bar graphs for mRNA levels of inflammatory markers. Panel B presents western blots and corresponding bar graphs for protein quantification. Panel C displays immunofluorescence images and bar graphs for Olfr2-positive areas. Panel D contains flow cytometry plots highlighting CD86 and CD80 expression. Panel E shows bar graphs for cytokine concentrations of IL-1β, IL-18, and TNF-α. Each set includes comparisons among Ctrl-OE, Ctrl-OE + Corilagin, Olfr2-OE, and Olfr2-OE + Corilagin groups, indicating significant differences with symbols.]
Figure 7 | Effects of Corilagin on Olfr2 signal pathway after upregulating Olfr2 in vitro (A) mRNA expression of Olfr2, Adcy3, NLRP3, Caspase-1, ASC, NEK7, GSDMD, IL-1β, IL-18, Arg-1, iNOS, and TNF-α in Ana-1 cells was measured by RT-qPCR. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 3). Data was presented as the mean ± SD. (B) Protein expression of Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, and ASC in Ana-1 cells was measured by WB and quantitative analyses of protein level based on WB. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 3). Data was presented as the mean ± SD. (C) Olfr2 expression in Ana-1 cells was visualized by IF and quantitative analyses of Olfr2 level based on IF. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 6), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 6), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 6). Data was presented as the mean ± SD. Scale bars, 20μm. (D) CD86 and CD206 expression in Ana-1 cells were measured by FC and quantitative analyses of CD86 and CD206 level based on FC. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 3). Data was presented as the mean ± SD. (E) IL-1β, IL-18, and TNF-α in Ana-1 cell supernatant were measured by ELISA. *p < 0.05 compared with the Ctrl-OE group determined by one-way ANOVA test (n = 3), #p < 0.05 compared with the Ctrl-OE+Corilagin group determined by one-way ANOVA test (n = 3), Δp < 0.05 compared with the Ctrl-Olfr2 group determined by Student’s t test (n = 3). Data was presented as the mean ± SD.






Discussion

Atherosclerosis and its associated complications represent significant sources of morbidity and mortality, making the development of effective therapies for both prevention and treatment crucial (1–4). Although a variety of pharmaceutical options are available for managing atherosclerotic disease, limitations persist, such as resistance or intolerance to statins (43) and increased bleeding risk associated with antiplatelet medications (44). Concurrently, Chinese herbal medicines are often regarded as complementary or alternative treatment for atherosclerosis (45).

Inflammation is a critical driver of atherosclerosis. Thus, targeting therapeutic interventions at inflammatory pathways is essential for improving atherosclerotic outcomes (2). Several signaling pathways implicated in the inflammatory response are associated with atherosclerosis, including the NLRP3 inflammasome, TLRs, proprotein convertase subtilisin/kexin type 9, Notch, and Wnt signaling pathways. Notably, the NLRP3 inflammasome pathway has emerged as a prominent target for atherosclerotic disease treatment (2, 8, 46). In conjunction with TLR4, Olfr2 expressed in mouse vascular macrophages can active NLRP3 inflammasome to promote the development of atherosclerosis (35). According to previous findings, Corilagin can inhibit NLRP3 inflammasome activation and pyroptosis in ischemia-reperfusion induced intestinal and lung injury (38), and ameliorate atherosclerosis by restraining the TLR4 signaling pathway (17, 40). Consequently, this study aims to explore whether Corilagin can influence atherosclerosis through the Olfr2 signaling pathway.

After administering Corilagin to ApoE−/− mice on a high-fat and cholesterol diet, we observed a reduction in serum lipid levels of TG, TC, and LDL-C, alongside alleviated pathological changes and lipid deposition. These results suggest a pronounced therapeutic effect of Corilagin on atherosclerosis. In both the mouse aorta and cellular models, expressions of the Olfr2 signaling pathway related molecules (Olfr2 and Adcy3) and NLRP3 inflammasome associated effectors (NLRP3, Caspase-1, NEK7 and ASC), were diminished following Corilagin treatment. Additionally, inflammatory factors (IL-1β, IL-18, and TNF-α), M1 macrophage polarization markers (iNOS and CD86), and the pyroptosis-related molecule (GSDMD), were also reduced. In conclusion, we hypothesized that Corilagin mitigated atherosclerotic development by suppressing NLRP3 inflammasome activation, thereby curtailing the expression of inflammatory cytokines, M1 macrophage polarization, and pyroptosis through the inhibition of the Olfr2 signaling pathway.

To further validate the effect of Corilagin, we modulated Olfr2 expression both in Ana-1 cells and in animal models, involving both upregulation and downregulation. According to Orecchioni et al., enhancing Olfr2 levels can intensify atherosclerosis, and genetic manipulation to reduce Olfr2 in mice has shown a significant decrease in atherosclerotic plaques (35). In our experiments that modulated Olfr2 expression both in vitro and in vivo, we observed analogous outcomes confirming that the Olfr2 signaling pathway indeed activated the NLRP3 inflammasome, exacerbating atherosclerosis development and progression. Upon downregulation of Olfr2, no substantial differences in LDL-C levels or pathological changes were noted regardless of Corilagin treatment, while lipid plaque percentages were reduced, and the expression levels of Olfr2, iNOS, Adcy3, NLRP3, GSDMD, Caspase-1, NEK7, ASC, IL-1β, IL-18, TNF-α, and CD86 were similar or decreased with Corilagin treatment. Conversely, when Olfr2 expression was increased, the effects of Corilagin in mitigating atherosclerosis and suppressing the Olfr2 signaling pathway were enhanced. Consequently, our findings suggested the anti-atherosclerotic effects of Corilagin might be attributed to its interaction with the Olfr2 signaling pathway. Previous studies have shown that Corilagin can reduce serum lipid levels in atherosclerotic animal models (40, 41). Our study found a same trend and it might be related to the Olfr2 signaling pathway. Corilagin may directly or indirectly affect various lipid regulatory systems, to reduce lipid uptake and lipogenesis in cellular and animal experiments (47–49). Nevertheless, there is a limitation in our research that the mechanisms of Corilagin’s effects on serum lipid levels in atherosclerosis, are warranting exploration remains. Additionally, future research should also consider the interaction between Olfr2 and NLRP3, and whether alternative molecular pathways or additional mechanisms within the Olfr2 pathway might contribute to Corilagin’s atherosclerosis-mitigating effects.

In summary, Corilagin exhibited therapeutic effects in experimental atherosclerosis models, potentially through the inhibition of the Olfr2 signaling pathway (Figure 8). However, a notable limitation of our research was the lack of exploration into whether Corilagin might inhibit downstream molecules through alternative mechanisms.

[image: Illustration of macrophage polarization. Corilagin interacts with Olfr2, activating Adcy3. This triggers a complex including NEK7, ASC, caspase-1, and NLRP3, leading to the release of IL1β, IL18, and GSDMD, resulting in the polarization of M0 to M1 macrophages.]
Figure 8 | Schematic of the study. Corilagin can inhibit the Olfr2 and Adcy3 expression, then suppress NLRP3 inflammasome activation to prevent inflammatory cytokines expression, M1 macrophage polarization, and cell pyroptosis-related molecule expression.





Conclusions

Corilagin exerts the anti-atherosclerosis efficacy by inhibiting the Olfr2 signaling pathway in vitro and in vivo, leading to the suppression of NLRP3 inflammasome activation, reducing inflammatory cytokines expression, M1 macrophage polarization, and expression of pyroptosis-related molecule. This study highlights the promising strategy and significant potential of Corilagin as a treatment for atherosclerosis. Consequently, further investigations into the mechanisms of Corilagin are warranted to identify novel therapeutic approaches.
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Inflammatory bowel disease (IBD) is a group of recurrent chronic inflammatory diseases, including Crohn’s disease (CD) and ulcerative colitis (UC). Although IBD has been extensively studied for decades, its cause and pathogenesis remain unclear. Existing research suggests that IBD may be the result of an interaction between genetic factors, environmental factors and the gut microbiome. IBD is closely related to non-coding RNAs (ncRNAs). NcRNAs are composed of microRNA(miRNA), long non-coding RNA(lnc RNA) and circular RNA(circ RNA). Compared with miRNA, the role of lnc RNA in IBD has been little studied. Lnc RNA is an RNA molecule that regulates gene expression and regulates a variety of molecular pathways involved in the pathbiology of IBD. Targeting IBD-associated lnc RNAs may promote personalized treatment of IBD and have therapeutic value for IBD patients. Therefore, this review summarized the effects of lnc RNA on the intestinal epithelial barrier, inflammatory response and immune homeostasis in IBD, and summarized the potential of lnc RNA as a biomarker of IBD and as a predictor of therapeutic response to IBD in the future.
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1 Introduction

Inflammatory bowel disease (IBD) is a group of immune-mediated chronic, non-specific and recurrent inflammatory diseases, which can involve the whole digestive tract, mainly including Crohn’s disease (CD) and ulcerative colitis (UC) (1). CD is characterized by affecting all layers of the intestinal wall in any part of the gastrointestinal tract in a discontinuous manner most commonly at the end of the terminal ileum or perianal region. The main symptoms are abdominal pain, weight loss, and varying degrees of diarrhea, often accompanied by complications such as stenosis, abscess, and fistula. In contrast, UC is characterized by inflammation that begins in the rectum and spreads proximally in a continuous manner, but the inflammation is limited to the mucosa and submucosa of the gut. Diarrhea, mucopurulent bloody stool and tenesmus are typical symptoms of active UC. As the incidence of IBD continues to increase globally, this disease is receiving increasing attention (2). Currently, the commonly used drugs for the treatment of IBD include aminosalicylic acids, glucocorticoids, immunosuppressants and biological inhibitors, which are mainly aimed at inducing and maintaining remission. 5-aminosalicylic acid (5-ASA), an active ingredient of aminosalicylic acid drugs, can treat IBD by anti-inflammatory and antioxidant effects (3). In UC patients, 5-ASA can also prevent colon cancer by regulating immunity and correcting intestinal flora imbalance. The adverse reactions of 5-ASA containing sulphapyridine (SP) were great, so the new preparation mesalazine was developed for clinical use. Mesalazine has a good effect on mild to moderate UC, but the effect on CD is not uncertain. The ECCO guidelines published in 2020 clearly state that it is not recommended for the induction and maintenance of remission in CD (4). Glucocorticoids can inhibit the activation of pro-inflammatory genes by regulating the transcription of anti-inflammatory protein genes and induce the degradation of pro-inflammatory gene mRNA to achieve anti-inflammatory effect (5). In the treatment of IBD with steroids, we should not only pay attention to hormone-related adverse reactions, which are related to the dose, administration method and duration of drugs (6), but also pay attention to hormone resistance. Immunosuppressants reduce the body’s immune response by inhibiting lymphocyte proliferation and activation. Because immunosuppressive agents need to be treated for a period of time to reach a stable plasma concentration, they are not suitable for the treatment of IBD in the acute phase. Studies have found that long-term use of immunosuppressants can increase the incidence of infection (7), which is an important factor leading to death in IBD patients. Biological agents can bind to specific targets and improve intestinal mucosal injury in IBD patients by blocking downstream inflammatory response and lymphocyte migration, thereby controlling symptoms and disease progression. At present, many biological agents have been used in the clinical stage for different pathways and targets. Common adverse reactions include infections, gastrointestinal reactions, allergies, headache and even severe infections, opportunistic infections and malignant tumors. Although the above drugs are effective at present, they have many limitations, because the etiology and pathogenesis of IBD are unclear. A growing body of evidence suggests that IBD may be the result of an interaction between genetic factors, environmental factors and the gut microbiome. Therefore, understanding its pathogenesis will help to explore better treatments.

RNA can be divided into messenger RNAs (mRNAs) that have the ability to encode proteins and non-coding RNAs (ncRNAs) that do not have the ability to encode proteins. Studies have found that only a small part of the 3 billion base pairs of the human genome has the ability to encode proteins, and the remaining about 98% of RNA is ncRNAs (8), including microrna (miRNA), small nucleolar RNA (snoRNA), long non-coding RNA (lncRNA), and circular RNA (circ RNA). NcRNAs play a key role in the regulation of some intracellular processes in prokaryotic and eukaryotic organisms. It involves the transcriptional and post-transcriptional levels of gene expression regulation, including mediating chromatin modification, regulating the activity of transcription factors, affecting the stability and processing and translation of mRNA, and regulating the function and localization of proteins. MiRNA, about 18–24 nucleotides in length, is post-transcriptional regulator that regulate post-transcriptional gene silencing to block translation by targeting the 3’ -untranslated region (3’UTR) of specific mRNA (9). At present, we have conducted the most thorough research on miRNA, and found differences in miRNA expression in IBD. In addition, miRNA plays a pro-inflammatory or anti-inflammatory role in regulating the pathogenesis of IBD, such as dysautophagy, activation of necrosis factor-ĸ B (NF-ĸB), and increased permeability of intestinal epithelium (10).

In contrast to miRNA, the role of lnc RNA in IBD has been poorly studied. Lnc RNAs are more than 200 nucleotide RNA molecules that are structurally similar to miRNA and may have A cap-like structure and polyA tails. According to current findings, they exhibit different functional roles, including regulating protein coding through chromatin remodeling, regulating gene expression through transcription, post-transcription, or guiding chromatin modification complexes to bind to specific genomic sites (11), and regulating protein activity and stability. The role of lnc RNA in immune dysfunction and autoimmune diseases such as rheumatoid arthritis (12), osteoarthritis (13), asthma (14), and type 1 diabetes mellitus (15) has attracted more and more attention. Existing studies have shown that lnc RNA plays an important role in the pathophysiology of IBD (16). Qiao et al. found the first association between lnc RNA and IBD in 2013 (17). They found that patients with clinically active CD had significantly higher levels of lnc RNA DQ786243 expression in peripheral blood cells compared with healthy controls or with inactive disease (17). Another lncRNA associated with CD pathophysiology is NRON, which is a non-coding repressor of NFAT. The molecule is involved in the RNA-protein complex, which prevents nuclear translocation of NFAT to inhibit NFAT. Leucine-rich repeat kinase-2 (LLRK2), a putative CD susceptibility gene, is also part of an RNA-protein complex. Some researchers have proposed a molecular mechanism of CD severity by finding that LRRK2-deficient mice are more sensitive to DSS-induced colitis (18). Similarly, another lncRNA, BC012900, was found to be significantly up-regulated in active UC tissues and stimulated by cytokines and pathogens through known IBD molecular pathways such as Toll-like and NOD2 receptors (19).

In this review, we highlight the role of lnc RNA in regulating gene expression and influencing the pathogenesis of IBD, as well as their potential as biomarkers and predictors of therapeutic response in IBD. By summarizing the effects of lnc RNA on intestinal epithelial barrier, inflammatory response and immune homeostasis in inflammatory bowel disease, this paper emphasizes the importance of lnc RNA in individualized therapy and treatment of IBD patients.




2 Roles of lnc RNAs in IBD



2.1 LncRNAs and intestinal barrier dysregulation

Intestinal barrier is mainly composed of intestinal epithelial cells and tight junction proteins between epithelial cells (20), which can block various harmful substances, such as intestinal microbiota, microbial products and antigens. Under normal circumstances, intestinal epithelial cells are constantly renewed to ensure the integrity of the intestinal epithelium. However, when hemorrhagic shock, acute pancreatitis, severe trauma and other conditions occur, the intestinal mucosa will appear ischemia or hypoxia, and the intestinal barrier will be damaged, causing the displacement of harmful substances and bacteria in the intestinal cavity, and even causing systemic inflammatory response syndrome or multiple organ dysfunction (21). Studies in patients with IBD have shown that the intestinal barrier function is disrupted regardless of whether the IBD disease is active or dormant. In addition, a decrease in compact connectin, increased apoptosis of epithelial cells, increased intestinal permeability, and disruption of intestinal barrier function were observed in patients with CD (22). Increased permeability of the intestinal epithelium was also observed during the inactive phase of the disease, suggesting a high probability of disease recurrence. In terms of intestinal barrier function, lnc RNAs can maintain intestinal homeostasis through various aspects, such as regulating intestinal epithelial regeneration and intestinal immunity (23, 24). At present, many studies have revealed the relationship between lnc RNAs and intestinal barrier in IBD, and further indicated the role of lncRNAs in IBD.



2.1.1 Lnc RNA H19

H19 is an imprinted gene located on human chromosome 11p15.5 (Figure 1) (25). Lnc RNA H19 is mainly expressed in the embryo, generally decreased at birth, and significantly increased in tumors (26). We found that H19 promotes epithelial-mesenchymal transformation, and its knockdown can inhibit the growth of multiple myeloma cells through the NF-κB pathway, suggesting that H19 may play a role in the development of inflammatory diseases (27). Zou et al. reported that overexpression of Lnc RNA H19 increased the abundance of miR-675p and decreased the expression of zonula occludin 1 (ZO-1) and E-cadherin (E-cad), thus destroying the integrity of the intestinal barrier (28). This process is blocked by ubiquitous RNA-binding protein HuR. In another study, miR-675p was identified as a regulator targeting the 3’-untranslated region (3’UTR) of VDR mRNA in ulcerative colitis patient tissues (29). H19 expression exhibited a negative correlation with vitamin D receptor (VDR) mRNA expression (29). In the above studies, we can speculate that Lnc RNA H19 increases the abundance of miR-675, which targets VDR mRNA, causes the decrease of ZO-1 and E-cad expression, and finally destroys the intestinal barrier. Based on the function of H19 as a competing endogenous RNA (ceRNA), another target of action for Lnc RNA H19 in the intestinal barrier was discovered (30, 31). Zhi et al. found that during acute intestinal ischemia, miR-874 promoted paracellular permeability by changing the level of TNF-α and TJ proteins through targeting the 3’UTR of aquaporin 3 (AQP3), causing disruption of intestinal barrier function (32). Su et al. verified that Lnc RNA H19, as a ceRNA, regulated the expression of AQP3 by competing with miR-874, causing intestinal barrier dysfunction (33).
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Figure 1 | LncRNA H19 increases the abundance of miR-675, but it is blocked by HuR. miR-675 targets the 3’UTR of VDR mRNA to reduce the translation of ZO-1 and E-cad, causing intestinal barrier dysfunction. In addition, miR-874 targets the 3’UTR of AQP3 and increases the level of TNF-α, which enhances intestinal paracellular permeability and also causes intestinal barrier dysfunction.




2.1.2 PLnc RNA1

Prostate cancer-upregulated long noncoding RNA1 (PLnc RNA1), a newly discovered lncRNA transcript, also known as CBR3 antisense RNA 1 (CBR3-AS1), located on chromosome 21q22.12, is upregulated in hepatocellular carcinoma (34), esophageal squamous cell carcinoma (35) and prostate cancer (Figure 2) (36). Overexpressed PLnc RNA1 has been reported to protect the intestinal epithelial barrier from damage by dextran sulfate sodium (DSS) (37). This is due to the fact that miR-34c binds to PLnc RNA1 and can directly target the 3’UTR of Myc-associated zinc-finger protein (MAZ), thereby regulating the expression of ZO-1 and occludin to regulate intestinal barrier function. In addition, the knockdown of PLnc RNA1 can reduce the expression of MAZ, and its effect can be reversed by down-regulating miR-34c, which indicates that PLnc RNA1 can also directly regulate the expression of MAZ (37).
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Figure 2 | PlncRNA1 and miR-34c mediate IBD by affecting MAZ mRNA to regulate TJ proteins. PlncRNA1 directly interacts with MAZ mRNA and promotes the expression of MAZ. In addition, PlncRNA1 reduction affects the level of miR34c expressed by MAZ. MAZ interacts with the DNA sequences of the promoters of ZO-1, occludin, and claudin-5 to increase their expression.




2.1.3 Lnc RNA SPRY4-IT1

The SPROUTY4 intron transcript 1 (SPRY4-IT1) on chromosome 5q31.3 is transcribed from the SPRY4 gene (Figure 3) (38). Previous studies have shown that SPRY4-IT1 is essential for maintaining basal epithelial barrier function. Xiao et al. found in a study that lncRNA SPRY4-IT1 protected intestinal barrier function by stabilizing TJ mRNA and enhancing its translation (39). This study showed that by silencing SPRY4-IT1, the mRNA expression of TJ proteins ocgludin, claudin-1, claudin-3 and JAM-1 could be reduced, resulting in impaired intestinal barrier function (39). Conversely, increasing the level of SPRY4-IT1 increased the expression of TJ protein, which promoted the function of the intestinal barrier (39). SPRY4-IT1 directly interacts with TJ mRNA, and SPRY4-IT1 can also bind to RNA-binding protein HuR and then interact with TJ mRNA to increase the number of TJ protein and promote the function of intestinal barrier.

[image: Diagram illustrating the interaction of LncRNA SPRY4-IT1 with TJ mRNA to influence TJ proteins, enhancing the intestinal barrier. HuR proteins are shown binding to the complex.]
Figure 3 | LncRNA SPRY4-IT1 has a protective effect on the intestinal barrier. SPRY4-IT1 can directly interact with TJ mRNA to promote the production of TJ proteins to protect the intestinal barrier. Alternatively, the SPRY4-IT1/HuR complex can also bind to TJ mRNA, which protects a protective effect on the intestinal barrier.




2.1.4 Lnc RNA uc.173

Lnc RNA uc.173 is a transcribed ultra-conservative (T-UCR) region transcript representing the homologous region of human, rat, and mouse genomes (Figure 4) (40). A study determined the expression of 21 T-UCR genes, including uc.173, in mouse intestinal mucosa from the whole genome profile analysis, and found that increasing the expression of Lnc RNA uc.173 gene could increase the growth of intestinal epithelial cells, while decreasing the expression level reduced the renewal of intestinal epithelial cells (IECs) (41). This is due to the fact that lncRNA uc.173 destroys the pri-miR-195 transcript and induces degradation of miR-195 to down-regulate the expression of miRNA195, thereby stimulating intestinal epithelial cell renewal. It was later found that the complementary sequence capable of interacting with Lnc RNA uc.173 was located in the central stem region of pri-miR-195 (upstream of the 3’ terminal), indicating that this region can control the degradation of pri-miRNA. However, the relationship between miR-195 and IECs has not been clearly clarified so far.
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Figure 4 | Complementary regions of pri-miR-195 interacting with lncRNA uc.173. There is a complementary region in the central stem region of pri-miR-195 that interacts with lncRNA uc.173.




2.1.5 Lnc RNA BC012900

At present, the study of BC012900 is not thorough. A recent study reported that some cytokines such as TNF-α can regulate the expression of UC-related lncRNAs such as BC012900 (42). They further demonstrated that overexpression of BC012900 can significantly inhibit IEC cell proliferation and increase the sensitivity of IEC cells to apoptosis (42). However, the mechanism by which BC012900 further induces increased apoptosis in IEC cells is unclear. Since PPM1A expression is also increased in cells with increased BC012900 expression, they hypothesized that PPM1A expression may be one of the mechanisms by which BC012900 regulates apoptosis, based on previous reports that overexpression of PPM1A induces G2/M cell cycle arrest and apoptosis (43).




2.1.6 Lnc RNA CRNDE

CRNDE is a gene symbol for Colorectal Neoplasia differentientially expression (Figure 5) (44). It has been reported that Lnc CRNDE is highly expressed in colorectal cancer, hepatocellular carcinoma, and pancreatic cancer, and decreased in renal pheochromocytoma and ovarian cancer (45). CRNDE may affect tumorigenesis through regulation of miRNAs (46, 47). Studies have found that CRNDE may be related to the progression of IBD (48). In colitis tissue and colonic epithelial cell lines induced by dextran sulfate sodium(DSS), CRNDE can inhibit miRNA-495 expression and increase the expression of cytokine signaling pathway inhibitor (SOCS1) (48). By interfering with the expression of CRNDE, IBD symptoms were alleviated in mice. Chu et al. found that miRNA-495 expression decreased in UC, and miRNA-495 could prevent IEC apoptosis through JAK signaling (49). It has also been suggested that SOCS1 can induce IEC apoptosis by promoting IFN-γ (50). Suppressor of cytokine signaling (SOCS1), a member of the cytokine signaling pathway inhibitor family, is induced by interferon (IFN)-γ-mediated JAK signaling pathway. It is widely considered to be a protein that restricts cytokine receptor signaling (51). In animal models of colitis, p53 has been proven to mediate apoptosis of IECs (52). Cui et al. showed that SOCS1 increased p53 phosphorylation and promoted IFN-γ-induced apoptosis of IECs (50). Therefore, it can be speculated that lnc CRNDE regulates IEC apoptosis through the CRNDE/miR-495/SOCS1 axis, which also indicates that CRNDE is a potential target for the treatment of IBD.

[image: Diagram illustrating the molecular pathway where lncRNA CRNDE suppresses miR-495, leading to increased SOCS1 expression. This activates P53, which boosts cleaved caspase-3 levels, resulting in apoptosis.]
Figure 5 | LncRNA CRNDE promotes apoptosis of colonic epithelial cells by inhibiting miR-495 and increasing SOCS1. miR-495 can inhibit SOCS1, and LncRNA CRNDE can increase SOCS1 by inhibiting miR-495 to increase P53 phosphorylation, increase activated Caspase-3, and promote apoptosis of colon epithelial cells.




2.1.7 Lnc NEAT1

Lnc NEAT1 is a key component in building the ribo-riboprotein complex to regulate DNA-mediated activation of innate immune responses (53) and has also been found to play an important role in innate immune responses (54). Liu et al. found that NEAT1 was overexpressed in both DSS induced mouse models and tumor necrosis factor (TNF) -α-induced inflammatory cell models, and epithelial cell permeability increased in both mice and cell models compared to control cells (55). However, inhibition of NEAT1 can reverse its effects. This suggests that NEAT1 may affect the integrity and permeability of the intestinal epithelial barrier in patients with IBD. They also found that DSS could induce M1 macrophage activation, which was suppressed when NEAT1 expression was suppressed. Favre et al. demonstrated that low-dose photodynamic therapy (LDPDT) can improve T-cell-mediated colitis in mice (56). Subsequent studies have verified that PDT can alleviate DSS induced colitis in mice by regulating PI3K-AKT signaling pathway through Lnc NEAT1-miRNA204–5p axis, but whether PDT can alleviate clinical symptoms of IBD patients still needs further experimental verification (57).




2.1.8 Other Lnc RNAs

CDKN2B-AS1 has more than 20 splicing variants, including typical splicing linear RNA and reverse splicing circular RNA molecules. Some studies have shown that downregulation of CDKN2B-AS1 can destroy Claudin-2 and cause the proliferation of intestinal epithelial cells, thus enhancing the intestinal barrier function (58). Another Lnc RNA, colon cancer-associated transcript 1 (CCAT1), was found to be overexpressed in IBD tissues. Ma et al. reported that CCAT1 expression was positively correlated with myosin light chain kinase (MLCK) (59). MLCK maintained the stability of MLCK mRNA by reducing the binding of miRNA-1853p to MLCK mRNA. MLCK and its phosphorylated products can increase intestinal permeability. CCAT1 and MLCK jointly accelerated the development of IBD (59).

The above studies suggest that lncRNAs not only regulate the apoptosis of epithelial cells in IBD, but also affect intestinal tight junction proteins and regulate the intestinal physical barrier through other mechanisms.





2.2 LncRNAs and immune homeostasis dysregulation

IBD is not only an inflammatory disease of intestinal mucosa, but also an abnormal immune disease caused by immune deficiency of intestinal mucosa (60). Nf-ĸB is an important immune response factor. When its inhibitory protein is phosphorylated and degraded by proteases, Nf-ĸB is transferred to the nucleus. It causes transcription of target genes such as interleukin-1β (IL-1β), interleukin-6 (IL-6), interleukin-8 (IL-8), and interferon γ (IFN-γ) (61). Studies have reported that colitis may be caused by excessive inflammatory events such as activation of NF-ĸB and increased expression of pro-inflammatory factors (62, 63). Since the gut contains complex immune cell populations and inflammatory networks, the precise etiology and pathogenesis of IBD have not been thoroughly studied (64). The intestinal immune system can maintain a complex balance between the intestinal proinflammatory and anti-inflammatory responses. Once the balance is broken, it may lead to the occurrence of IBD. Stimulated by interleukin-1b, IL-6, IL-8, and TNF, NF-ĸB triggers the transcription of pro-inflammatory cytokines (65). Currently, many studies have revealed that lnc RNAs can affect immune homeostasis in IBD.



2.2.1 IFNG-AS1

IFNG-AS1 is a non-coding transcript located on human chromosome 12 adjacent to the IFNG gene (66). By comparing adult UC patients, Jurkat T cell model and mouse colitis model, Padua et al. found that IFNG-AS1 was associated with IBD susceptibility locus SNP rs7134599, and IFNG-AS1 could positively regulate the key inflammatory factor IFNG in CD4 T cells (66). Gomez et al. demonstrated that IFNG-AS1 regulates IFNG levels by binding to and actively regulating the histone methyltransferase complex MLL/SET1 (67). The MLL/SET1 complex can turn genes on and off at lysine 4 (K4) through methylation of histone H3 (68). Therefore, IFNG-AS1 may promote the action of Th1 cytokines (IFNG, IL2) and reduce the action of Th2 cytokines (IL10, IL13) through the MLL/SET1 complex (69). These results suggest that lnc RNA IFNG-AS1 is a potential target for the treatment of IBD patients.




2.2.2 LINC01882

There is variation in the genetic locus of protein tyrosine phosphatase 2 (PTPN2) in IBD (70). PTPN2 regulates cytokine signaling by acting on a variety of phosphorylated proteins (71). Scharl et al. demonstrated that PTPN2 regulates autophagy in IECs and that there is a link between SNP rs2542151 and lower levels of PTPN2 protein in colon fibroblasts (72). SNPS at the PTPN2 locus were highly correlated with the DNA methylation level of four CpG sites downstream of PTPN2 and the expression level of the lncRNA LINC01882 downstream of these CpG sites (73). LINC01882, also known as LOC100996324 and RP11–973H3.4, is down-regulated in anti-CD3/CD28-activated CD4+ T cells and can inhibit T cell activation by inhibiting the expression of ZEB1, KLF12 and MAP2K4 to suppress IL-2 expression (73). It has been found that LINC01882 is involved in some autoimmune diseases including IBD. For example, LINC01882 ameliorates acute graft-versus-host disease (aGVHD) via skewing CD4+ T cell differentiation toward Treg cells (74). They also found that LINC01882 promoted Treg differentiation in CD4+ T cells via sponge let-7b-5p (74). This is a target for induction of immune tolerance, which offers the possibility of an effective therapeutic target for patients with aGVHD. LINC01882 is involved in IL-2 expression, which affects the immune response, homeostasis, and differentiation of a variety of lymphocytes, including Tregs. Changes in the number of Tregs contribute to the progression of autoimmune diseases. At present, there are few studies on LINC01882 and IBD, and their relationship still needs to be further explored.




2.2.3 DQ786243

Tregs are important for maintaining intestinal self-tolerance, and their dysfunction is associated with CD and its degree of inflammation (65). Forkhead box P3 (Foxp3) is a major transcription factor controlling the development and function of Tregs. Kim et al. identified a T-cell receptor response enhancer in the first intron of Foxp3 that was dependent on a cyclic-AMP response element binding protein (CREB)/activating transcription factor (ATF) site overlapping a CpG island (75). Therefore, the generation, development, and function of Tregs are dependent on Foxp3 and CREB. Some studies have found that lncRNA DQ786243 and CREB are significantly overexpressed in patients with active CD compared with healthy people or patients with inactive CD (17). However, Foxp3 expression was decreased in inactive CD patients, and there was no significant difference between active CD and healthy people (17). DQ786243 may have a significant effect on the regulation of CREB and Foxp3 genes. Qiao et al. found that DQ786243 could promote CREB and Foxp3 expression and CREB phosphorylation after transfection in Jurkat cells (17). In addition, DQ786243, CREB and Foxp3 mRNAs were all associated with C-reactive protein (CRP), an important serum biomarker of inflammation (17). All these findings suggest that lncRNA DQ786243 is associated with CD, and DQ786243 may regulate the function of Tregs by affecting the expression levels of CREB and Foxp3.




2.2.4 MEG3

Maternally expressed 3(MEG3), a currently concerned lncRNA, has been shown to have anti-inflammatory effects in a variety of inflammatory diseases (76, 77). Wang et al. found that lncRNA-MEG3 was expressed at low levels in a H2O2 -induced Caco-2 cell model and TNBS-induced ulcerative colitis in young rats (78). They injected the lncRNA MEG3 overexpression vector into the UC rat model and found that inflammatory cytokine levels and ROS release were significantly decreased, and IL-10 expression was significantly increased (78). IL-10 is a single-chain glycoprotein that can be produced by adaptive and innate immune cells. It has anti-inflammatory and immunomodulatory effects and can regulate the role of other cytokines in immune and inflammatory diseases. They also found that lncRNA MEG3 may inhibit the release of inflammatory cytokines and ROS by stimulating IL-10 expression (78). Their study similarly confirmed that pyroptosis and apoptosis can be triggered during the pathogenesis of UC, and lncRNA MEG3 can prevent both types of cell death (78). Some studies have reported that miR-98–5p can directly target IL-10 (79). Later they confirmed that lncRNA MEG3 positively regulates IL-10 expression. In addition, knockdown of miR-98–5p was previously shown to alleviate the symptoms of IBD (80). More importantly, the elevation of lncRNA MEG3 inhibited the upregulation of miR-985p expression and promoted the expression of IL-10 by sponging miR-98–5p in UC rats (78). In conclusion, lncRNA-MEG3 can alleviate UC by up-regulating miR-98–5p-loaded IL-10 expression, providing a new potential therapeutic strategy for UC treatment.




2.2.5 LUCAT1

LUCAT1 has previously been identified as a negative feedback regulator of type I interferon (IFN) and inflammatory cytokine expression in human bone marrow cells (Figure 6) (81). It was originally found in lung epithelial cells. Vierbuchen et al. identified the protein important in mRNA processing and alternative splicing as the LUCAT1 binding protein (82). These binding proteins include heterogeneous nuclear ribonucleoprotein (HNRNP) C, M and A2B1, which participate in mRNA splicing and processing, including an mRNA of anti-inflammatory gene NR4A2. At the same time, they found that cells lacking LUCAT1 altered splicing of selected immune genes. For example, splicing of nuclear receptor 4A2 (NR4A2) was particularly affected by lipopolysaccharide (LPS) stimulation (82). In cells lacking LUCAT1, the expression of NR4A2 is reduced and delayed, and the expression of immune genes is elevated in NR4A2-deficient cells. These observations suggest that LUCAT1 is induced to control the splicing and stability of NR4A2, which is partly responsible for the anti-inflammatory effects of LUCAT1. They also found that LUCAT1 levels were elevated in patients with chronic obstructive pulmonary disease (COPD) or IBD and that LUCAT1 levels correlated with disease severity (82). Another study revealed lnc RNA-mediated downregulation of innate immunity and inflammatory responses in the SARS-CoV-2 vaccination breakthrough infections (83). They found that LUCAT1 regulates NF-KB-dependent genes by regulating the JAK-STAT pathway in addition to IFN genes (83). In summary, LUCAT1 plays an important role in the regulation of inflammatory diseases. Therefore, LUCAT1 may be used as a potential biomarker and therapeutic target. It is necessary to conduct more studies on the role of LUCAT1 in inflammatory diseases, which can provide new treatment ideas for inflammatory diseases.
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Figure 6 | LUCAT1 regulates the splicing and stability of NR4A2 to suppress interferon and inflammatory factors. LUCAT1 binds to HNRNPA2B1, HNRNPC, HNRNPM and other proteins, participates in the splicing of NR4A2 mRNA, regulates the splicing and stability of NR4A2, and inhibits interferon and inflammatory factors.




2.2.6 Other Lnc RNAs

HIF1A-AS2 is the Roseburia intestinalis flagellin-induced lncRNA in gut epithelium. Quan et al. found that silencing HIF1A-AS2 abrogated the anti-inflammatory effect mediated by intestinal flagellin (84). They also found that HIF1A-AS2 inhibited inflammation by inactivating the NF-ĸB/JNK pathway and reducing the expression of cytokines such as TNF-a, IL-1b, IL-6, and IL-12 (84). Moreover, knockdown of HIF1A-AS2 significantly increased p65 and Jnk phosphorylation and fully abrogated flagellin-mediated anti-inflammatory effects in vivo. Their study provides new insights into the mechanisms by which lncrnas regulate flagellin-mediated resolution of colonic inflammation. Upstream stimulatory factor 1 (USF1) is a class of transcription factors related to coronary artery disease (CAD) (85), which can be used as a mediator to participate in the anti-inflammatory strategy for the treatment of acute lung injury (86). Activating transcription factor 2 (ATF2), a member of basic leucine zipper proteins, is widely expressed in various tissues and participates in inflammatory responses (87). Li et al. demonstrated the proinflammatory role of lncRNA HIF1A-AS2 in atherosclerosis (88). Down-regulation of lncRNA HIF1A-AS2 inhibits atherosclerotic inflammation by reducing the binding of USF1 to the promoter region of ATF2, thereby reducing the expression of ATF2 (88). Therefore, HIF1A-AS2 may be a negative regulator of intestinal inflammation and may be a new target for the treatment of IBD in the future.

LncRNA ANRIL, located on chromosome 9p21, shows significant down-regulation in IBD disease (89). Qiao et al. explored the role of ANRIL and its possible mechanistic studies after stimulating UC to cause inflammatory injury by lipopolysaccharide (LPS) treated human embryonic cells (FHCs) (90). They found that inhibition of ANRIL could negatively regulate miR-323b-5p to alleviate LPS-induced FHCs damage (90). In addition, their results also indicated that miR-323b-5p negatively regulated TLR4 expression (90). TLR4 was the target of miR-323b-5p. It has been shown to be upregulated in UC, causing inflammation and promoting UC development (91). Knockdown of TLR4 reversed the effect of miR-323b-5p in inhibiting LPS-induced injury in FHCs (90). TRL4 is the only TLR capable of activating the MyD88-dependent signaling pathway (92). MyD88 is not only a key downstream signaling ligand of TLR4 receptor complex, but also an important adaptor protein of NF-kB signaling pathway (93). NF-kB pathway is a central mediator involved in immune and inflammatory responses (94), which can play a therapeutic role in UC. Therefore, ANRIL may affect the development of UC by regulating the miR-323b-5p/TLR4/MyD88/NF-κB pathway, which provides new ideas for the treatment of UC in the future. Li et al. found many lncrnas differentially expressed in CD mucosa, indicating that these lncRNAs were all involved in the immune response (95). For example, lncRNA ATG induces stress and apoptotic protease activation in intestinal epithelial cells in the inflammatory environment of CD (96). Caspase-3-mediated cleavage of ATG16L1 is increased, leading to abnormal autophagy in intestinal epithelial cells (96). When the activity of DDX5 in Th17 cells is increased, a large number of lncRNA Rmrp is decomposed, which would bind to RORγ-t, thus causing the latter to undergo nuclear transport, acting on the corresponding promoter, and promoting the development of Th17. Th17 maturation has a protective effect on CD (42, 97, 98). In addition, ENST0000487539_1.1 levels are increased in the serum of CD patients, and they can regulate Treg cell function by regulating Foxp3 levels. They also hypothesized that these lncRNAs might be involved in the regulation of intestinal mucosal function through the genetic network of lncRNA-miRNA/TFs-mRNAs (95).






3 Lnc RNA as an IBD biomarker and a predictor of treatment response

The common methods for the diagnosis and treatment of IBD include clinical manifestations, imaging methods, histopathological examination, and endoscopic evaluation. Because clinical features of IBD vary among individuals, approximately one quarter of patients have extraintestinal manifestations before diagnosis (99). Histopathology and endoscopy are currently the “gold standard” for diagnosing IBD (100, 101). Because both of these methods rely heavily on skilled clinicians, diagnosis of IBD is difficult. At present, more and more researchers are more inclined to use some biomarkers, such as C-reactive protein (CRP), lactoferrin, calcaretin and so on. However, most current biomarkers reflect systemic inflammation, are present in many diseases, and lack a certain sensitivity and specificity, which can lead to treatment delays and further disease progression. Therefore, it is urgent to find out the biomarkers with high specificity and sensitivity. LncRNAs have been shown to be valuable diagnostic markers for various diseases due to their easy availability, stability, availability by common molecular biology techniques such as qRT-PCR, rapid detection, and quantification (102, 103). A variety of lncRNAs have been shown to be associated with IBD. By monitoring the change of lnc RNA level, the therapeutic effect and prognosis of IBD disease can be evaluated. Many lncRNAs can be used as biomarkers to evaluate clinical evaluation in patients with IBD.

Wang et al. demonstrated that lncRNA KIF9-AS1 and LINC01272 expression was significantly up-regulated, while lncRNA DIO3OS expression was significantly decreased in tissue and plasma samples of IBD patients compared with healthy controls (104). They also used ROC curve analysis to determine the specificity and sensitivity of KIF9-AS1, LINC01272 and DIO3OS, and the results showed that the area under the ROC curve (AUCs) of these three lncRNAs in IBD patients and healthy controls were mostly greater than 0.76 (104). Therefore, lncRNA KIF9-AS1, LINC01272 and DIO3OS may be potential diagnostic biomarkers for IBD. Ge et al. compared the expression of lncRNA ANRIL in CD patients and control group, and the results showed that the area under the curve (AUC) of lncRNA ANRIL expression to distinguish CD patients and control group was 0.803 (95%CI: 0.733–0.874) (105). They also found that lncRNA ANRIL expression could distinguish the active and remission stages of CD (105). They also found that lncRNA ANRIL expression could distinguish the active and remission stages of CD (105). In addition, lncRNA ANRIL expression was negatively correlated with CD disease risk, disease activity, and proinflammatory cytokine levels (105). With the development of the disease, complications such as fistula and stenosis may occur in the late stage of CD. Lncrnas can be used as biomarkers even when complications occur. Visschedijk et al. demonstrated that lncRNA RP11–679B19.1 is associated with recurrent fibrostenosis CD, but its specific mechanism of action remains unclear (106).

Not only can Lnc RNA serve as a biomarker, but it has also been shown to be a predictor of therapeutic response in IBD. Ge et al. found that changes in lncRNA ANRIL expression were associated with infliximab treatment response (105). The expression of lncRNA ANRIL increased in patients who achieved treatment response with infliximab, while it remained stable in patients who failed to achieve treatment response (105). Therefore, the change of intestinal mucosal lncRNA ANRIL is related to the response to infliximab treatment in CD patients, and its up-regulation can be used as a marker of the response to infliximab treatment in CD patients (105). Haberman et al. performed intestinal biopsies from IBD children undergoing endoscopy and treatment and found that the expression of LINC01272 and HNF4A-AS1 was significantly associated with more severe intestinal mucosal injury (89). Calprotectin S100A8 is the most commonly used tissue inflammation biomarker in clinical practice. They also found that HNF4A-AS1 was negatively correlated with the calprotectant S100A8, while LINC01272 was significantly positively correlated with the calprotectant S100A8 (89). HNF4A-AS1 is specifically expressed in epithelial cells, and LINC01272 is specifically expressed in monocytes, neutrophils, and myeloid dendritic cells (DC) (89). Therefore, targeted lncRNA-directed therapy may become potential new tissue-specific targets for RNA-based interventions. Glucocorticoids (GCs) are effective drugs for inducing remission in patients with IBD in clinical practice, which have anti-inflammatory and immunosuppressive effects (107). The level of lncRNA growth inhibition specific 5 (GAS5) was higher in patients with poor GCs response than in those with good response. Therefore, GAS5 may be associated with GCs resistance (108, 109). Some studies have found that the expression of lncRNA GAS5 is different between GCs sensitive cells and GCs resistant cells, and GAS5 is up-regulated in GCs resistant cells and accumulates more in the cytoplasm (110). In conclusion, lncRNA GAS5 can be considered as a novel pharmacogenomic marker that contributes to the personalization of GCs therapy (Table 1).

Table 1 | LncRNAs proposed for IBD biomarkers and therapeutic predictors.
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4 Discussion

IBD is a recurrent chronic inflammatory disease in the gastrointestinal tract. Due to its increasing incidence, it has become a global health problem. Although the current drugs used in the clinical treatment of IBD are effective, they have many limitations. Given the complexity of IBD, in vivo approaches to investigate its etiology are essential. Although mouse models of IBD have been gradually developed and refined, the basic understanding of transcriptome differences in these models is still at an early stage, so the exact pathogenesis of these models is not fully understood. Although the exploration of lncRNAs in existing studies is still in the early stage, it has been pointed out that lncRNAs are involved in the pathogenesis of IBD. In IBD, lncRNAs can affect intestinal tight junction proteins, such as lncRNA H19, PLnc RNA1, lnc RNA SPRY4-IT1, etc. LncRNAs can regulate the apoptosis of epithelial cells, such as BC012900, lncRNA CRNDE and so on. LncRNAs also regulate the gut physical barrier through other mechanisms, such as the lncRNA CCAT1. In addition, lncRNAs can affect the immune response in IBD, such as lnc NEAT1, IFNG-AS1, LINC01882 and so on. With the development of molecular biology technology, monitoring the changes of lnc RNAs level can be used to evaluate the efficacy and prognosis of IBD. LncRNA KIF9-AS1, LINC01272 and DIO3OS may be potential diagnostic biomarkers for IBD. LncRNA ANRIL expression is negatively correlated with CD disease risk and disease activity, and is also related to the response to biological agents. Therefore, lncRNAs play an important role in regulating intestinal barrier and immune homeostasis. LncRNAs can not only be used as biomarkers and predictors of treatment response in IBD, but also as targets for IBD. Due to the complexity of IBD pathogenesis, a single lncRNA may not be able to fully explain IBD. Therefore, based on the close relationship between lncRNAs and IBD, it is essential to clarify the mechanism of lncRNAs in IBD and explore more promising treatment methods.
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Epithelial-derived IL-33 (Interleukin-33), as a member of alarm signals, is a chemical substance produced under harmful stimuli that can promote innate immunity and activate adaptive immune responses. Type 2 inflammation refers to inflammation primarily mediated by Type 2 helper T cells (Th2), Type 2 innate lymphoid cells (ILC2), and related cytokines. Type 2 inflammation manifests in various forms in the lungs, with diseases such as asthma and chronic obstructive pulmonary disease chronic obstructive pulmonary disease (COPD) closely associated with Type 2 inflammation. Recent research suggests that IL-33 has a promoting effect on Type 2 inflammation in the lungs and can be regarded as an alarm signal for Type 2 inflammation. This article provides an overview of the mechanisms and related targets of IL-33 in the development of lung diseases caused by Type 2 inflammation, and summarizes the associated treatment methods. Analyzing lung diseases from a new perspective through the alarm of Type 2 inflammation helps to gain a deeper understanding of the pathogenesis of these related lung diseases. This, in turn, facilitates a better understanding of the latest treatment methods and potential therapeutic targets for diseases, with the expectation that targeting lL-33 can propose new strategies for disease prevention.
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1 Introduction

IL-33 is an IL-1 family cytokine produced by various cell types, including epithelial cells, endothelial cells, and fibroblasts (1, 2). Human full-length IL-33 consists of 270 amino acids with a relative molecular weight of approximately 30,000. It contains three functional structural domains: the N-terminal nuclear domain (amino acids 1-65), the central domain (amino acids 66-111), and the C-terminal IL-1-like cytokine structural domain (amino acids 112-270) (3). IL-33 mediates signaling by binding to its receptor ST2 (growth STimulation expressed gene 2), which is predominantly expressed on the surface of various immune cells, such as macrophages, natural killer cells, and certain T cell subsets. IL-33 can participate in T2 immunity by activating ST2-expressing immune cells, including type 2 ILC2, Th2 cells, mast cells, eosinophils, basophils, and dendritic cells (4–11).

Type 2 inflammation is a chronic inflammatory process characterized by persistent activation and dysregulation of the immune system. Unlike acute type 1 inflammation, which typically manifests as rapid and transient inflammation, type 2 inflammation progresses slowly and persists over time. It is commonly observed in various chronic diseases, particularly respiratory conditions like asthma, COPD, pulmonary fibrosis, and allergic rhinitis. Type 2 inflammation involves a complex interplay of inflammation-regulating pathways and cytokines. Key players include Th2 cells, IL-4, IL-13, IL-5, IL-9, thymic stromal lymphopoietin (TSLP), and the IL-33 pathway. These pathways and cytokines play critical roles in orchestrating immune responses in respiratory diseases such as asthma and COPD.

The relationship between type 2 inflammation and IL-33 is significant, as IL-33 is considered a key regulator and “alarmin” in type 2 inflammation, particularly in respiratory diseases. In asthma and other respiratory diseases, IL-33 expression is closely associated with the release of cytokines associated with type 2 inflammation, and overexpression of IL-33 can lead to the development of chronic inflammation and airway remodeling, which can exacerbate the severity of the disease (12), increase respiratory mucus secretion, which can aggravate the symptoms of the disease, and participate in the regulation of the immune homeostasis, which can influence the development and progression of respiratory diseases (13, 14). Thus, IL-33 plays an important role in lung inflammation and is closely associated with type 2 inflammation, influencing disease development and progression by regulating the activation of immune cells and the release of pro-inflammatory factors. This review delves into the pivotal role and function of the IL-33 pathway as an “alarmin” in type 2 inflammation within respiratory diseases, exploring its clinical implications and potential for therapeutic interventions.




2 The production of IL-33 in type 2 inflammation in respiratory diseases as “alarmin”

IL-33, also known as high endothelial venous-derived nuclear factor (NF), is a cytokine belonging to the IL-1 family (15). Its primary role involves regulating immune responses, promoting T cell activation, influencing regulatory T cells (Treg), and affecting other immune cells such as macrophages and dendritic cells (16). IL-33 also plays a role in regulating inflammatory responses by promoting the activation of inflammatory cells and enhancing the inflammatory cascade (17). Furthermore, it contributes to tissue repair by promoting wound healing and tissue regeneration (17).

In 2005, Jochen Schmitz and colleagues first proposed that IL-33 could drive Th2responses (18). IL-33 exerts its biological effects through the IL-1 family receptor ST2, which activates NF-κB and MAP kinases, leading to the production of Th2-associated cytokines by polarized Th2 cells in vitro. In vivo, IL-33 induces the expression of IL-4, IL-5, and IL-13, resulting in severe pathological changes in murine mucosal organs, such as the lung (18). Th2 cells and ILC2s provide protection against worm infections and are involved in allergic reactions; they collaborate at different stages of the immune response (19). Th2 cells primarily induce the expression of IL-25, IL-33, and TSLP through the production of IL-4, while IL-25 and IL-33, in turn, promote the expansion of ILC2s. Therefore, Th2 cell differentiation can occur independently of ILC2s, but the activation of ILC2s can enhance the Th2 response, and Th2 cells can amplify ILC2s by inducing type 2 alarmins (19). The IL-33 signaling pathway in Th2 cells promotes the acquisition of a pro-inflammatory memory state (20). Pathogenic tissue-resident Th2 cells exhibit increased expression of acetyl-CoA carboxylase 1, leading to upregulation of the IL-33 receptor, heightened IL-33 sensitivity, increased IL-5 production, and worsening of airway diseases (21, 22).

The endogenous source of IL-33 is not fully understood; however, it is constitutively active in lymphoid organs, epithelial barrier tissues, brain, and embryos in mice, with epithelial cells being the main source in normal tissues (23). In the human airway, IL-33 is predominantly produced by airway epithelial cells, localized mainly in the nucleus as a full-length precursor. Active full-length IL-33 (IL-33FL) is rapidly released upon cell damage or exposure to environmental stressors like airborne allergens and viruses (24–27).

IL-33FL can be cleaved by serine proteases released by immune cells, such as mast cells, to increase its activity (15). Notably, neutrophil-released elastase, histone G, and protease 3 can also cleave IL-33FL, converting it to a more active, slightly shorter form that is 10-fold more potent (27, 28). Myofibroblasts and endothelial cells may also serve as important sources of IL-33 under inflammatory conditions, while alveolar macrophages can produce high levels of IL-33 in inflamed tissues (23). The release of IL-33 activates Th2 responses, contributing to the onset and progression of inflammation in respiratory diseases.

If we can detect these “alarms” in time and implement appropriate preventive measures proactively, we can effectively reduce and potentially avoid the progression and damage caused by type 2 inflammation in respiratory diseases (Figure 1).
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Figure 1 | IL-33 acts as an alarmin that can be released following cell or tissue damage. Released full-length IL-33 can be processed into highly active forms by proteases produced by neutrophils and mast cells (e.g., IL-33 95-270 and IL-33 109-270). Highly active forms of IL-33 can bind to ST2 receptors on relevant immune cells such as Th2 cells, basophils, eosinophils, ICL2, dendritic cells, macrophages, etc. These immune cells produce the appropriate cytokines, which in turn act on lung cup cells, smooth muscle cells and fibroblasts to promote lung type 2 inflammation-related diseases.




3 IL-33-related pathways

IL-33 binds to its receptor ST2 and triggers downstream signaling pathways, including nuclear factor κB (NF-κB), mitogen-activated protein kinases (MAPKs), and phosphatidylinositol 3-kinase/protein kinase B (PI3K/Akt). Activation of these pathways leads to the production of inflammatory mediators, apoptosis, and activation of immune cells, which play critical roles in the development and progression of respiratory diseases. While IL-33 was traditionally thought to be released passively as a result of cell necrosis, emerging evidence suggests additional mechanisms for IL-33 secretion in response to allergens. This secretion may be mediated by purinergic receptor-dependent signaling or through the activation of the dual oxidase 1 Gene-dependent epidermal growth factor receptor (DUOX1-dependent EGFR) signaling pathway (24, 25) (Figure 2).
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Figure 2 | The respiratory epithelial barrier is damaged and releases IL-33. Free IL-33 binds to cells containing ST2 receptors and IL-1R, which can cause intranuclear transcription and translation through three pathways, namely, the PI3K/Akt pathway, the NF-κB pathway, and the MAPK.

The NF-κB pathway is a central pro-inflammatory signaling pathway involved in regulating the expression of genes encoding cytokines, chemokines, and adhesion molecules. NF-κB refers to a family of transcription factors that play crucial roles in various physiological and pathological processes (29, 30). It responds to oxidative stress and regulates the production and expression of inflammatory cytokines and mediators (31). There are two main pathways of NF-κB activation: the classical and non-classical pathways, each with distinct activation mechanisms (32–35). In the classical NF-κB pathway, the key step involves phosphorylation-dependent activation of the I kappa B Kinases (IKKs) complex (36, 37). Once activated, NF-κB translocates into the nucleus, where it binds to target gene promoters and drives transcription, leading to the expression of inflammatory genes (38, 39). On the other hand, the non-classical NF-κB pathway is activated by specific Tumor Necrosis Factor (TNF) superfamily receptors, suggesting a more specialized biological role for this branch of the pathway (32, 33, 35, 40).

The MAPKpathway consists of three main components: extracellular regulated protein kinases (ERK), c-Jun N-terminal kinase (JNK), and p38 mitogen-activated protein kinase (p38 MAPK) (30). Studies have implicated the p38 MAPK signaling pathway in olfactory loss associated with allergic rhinitis (AR) in animal models (41). Research has shown elevated expression and activity of p38 MAPK mRNA in rats with olfactory loss due to allergic rhinitis compared to control groups (42).

Additionally, the MAPK signaling pathway is involved in regulating IL-33 expression in airway epithelial cells of COPD patients, particularly during viral infections that worsen the condition (12). Physiologically relevant concentrations of IL-33 can activate the MAPK pathway, enhancing cytokine expression in human NK cells, which may influence disease outcomes in conditions like asthma and COPD (43).

In animal experiments, infusion of 1,4NQ-BC into mice triggered lung inflammation and stimulated IL-33 secretion from lung tissues, primarily from macrophages. This process involved both the MAPK and PI3K/Akt signaling pathways, contributing to pro-inflammatory responses in the lungs (44). Furthermore, IL-33 induces and enhances the secretion of IL-6 and IL-8 in human bronchial epithelial cells (HBEs) and peripheral blood mononuclear cells (PBMCs) from COPD patients via the IL-1 family receptor accessory protein (IL-1RAcP) and MAPK pathways, perpetuating chronic inflammation in the respiratory tract (45).

The PI3K/Akt signaling pathway plays a crucial role as an upstream regulator of nuclear factor E2-related factor 2 (Nrf2), which is involved in mediating oxidative stress responses through the Nrf2/HO-1 pathway (46–48). Studies have demonstrated that β-synephrine can modulate oxidative stress by targeting the PI3K/Akt/Nrf2 signaling pathway (49). In allergic rhinitis (AR), elevated serum leptin levels are observed and positively correlate with clinical symptoms (50, 51). Leptin, along with its receptor, activates multiple signaling pathways including MAPK, JAK2-STAT3, and PI3K/Akt pathways (52 , 47). Specifically, in AR, leptin mediates the activity of type 2 innate lymphoid cells (ILC2) and enhances ILC2-driven inflammation through the PI3K/Akt pathway (53).

In epithelial cells from allergic rhinitis (AR) patients, R. Kamekura et al. discovered that treatment with corticosteroids and various inhibitors targeting receptors such as ERK, p38 MAPK, JNK, NF-κB, and epidermal growth factor receptor led to significant inhibition of IL-8 induced by human nasal epithelial cells (HNECs) and IL-33 induced by granulocyte-macrophage colony-stimulating factor (GM-CSF) (54). Moreover, increased intracellular expression of IL-33 may be linked to altered activation of the innate immune receptor Toll-like receptor 4 (TLR4), particularly influenced by cigarette smoke exposure, notably among smokers (55).

In summary, IL-33 plays a pivotal role in type 2 inflammation by engaging multiple signaling pathways and promoting the development of airway inflammation. Targeting these pathways to inhibit IL-33 expression and production has shown promising results in certain clinical trials, offering a new perspective on effective strategies for treating respiratory diseases driven by IL-33 in the future. By understanding the intricate mechanisms through which IL-33 contributes to inflammation, researchers have identified potential therapeutic targets within the NF-κB, MAPK, PI3K/Akt, and other signaling pathways associated with IL-33 activity. Strategies aimed at blocking IL-33 or modulating its downstream effects hold significant therapeutic potential for managing and potentially preventing the progression of respiratory diseases characterized by type 2 inflammation, such as asthma, COPD, and allergic rhinitis. Further exploration and refinement of these targeted approaches are essential to optimize their clinical efficacy and safety, ultimately providing new avenues for personalized treatment and management of IL-33-mediated respiratory conditions.




4 IL-33 and type 2 inflammation in respiratory diseases

IL-33 plays a key role in type 2 inflammation, especially in respiratory diseases, where it is implicated in common respiratory diseases such as asthma, allergic rhinitis, chronic obstructive pulmonary disease and acute respiratory distress syndrome.



4.1 IL-33 and asthma

Type 2 inflammation is a common feature in patients with asthma, characterized by the activation of group ILC2s in the lungs in response to inhaled allergens, particularly through the production of alarmins such as IL-33 by epithelial cells (56). Activated ILC2s proliferate and secrete IL-5 and IL-13, which contribute to eosinophilic inflammation. In allergic asthma, increased expression of alarmins like TSLP, IL-33, and IL-25 in the airway epithelium is associated with airway obstruction (56). Koji Iijima et al. discovered that IL-33 levels in the lungs of mice rapidly increased within hours after intranasal allergen exposure and continued to rise throughout the chronic inflammation phase. Mice deficient in IL-33R (Il1rl1(-/-)) and thymic stromal lymphopoietin receptor (Tslpr (-/-)) exhibited significantly lower airway inflammation, reduced IgE antibody levels, and decreased airway hyperreactivity (57). Additionally, E. L. Anderson and colleagues found that when naive animals were exposed to airborne allergens, IL-33 in the lungs played a crucial role in promoting the acute bone marrow production of eosinophils. This was achieved through the innate activation of ILC2s and subsequent IL-5 production (58).

Due to the chronic nature of human asthma and challenges in modeling it accurately, researchers primarily rely on mouse models to investigate the role of IL-33 in activating ILC2s and driving type 2 inflammation in the lungs and airways. IL-33 has been shown to activate basophils and mast cells, promoting type 2 inflammation in chronic stable asthma (59). Furthermore, activated mast cells in allergic asthma release serine proteases (chymotrypsin and trypsin) that generate mature, active forms of IL-33, which can potentiate ILC2 activity (15).

IL-33 also stimulates lung CD8 (+) cytotoxic T (Tc) cells to produce type 2 cytokines, which are particularly implicated in severe asthma and asthma exacerbations (60). Increased reprogramming of FoxP3+ regulatory T cells (Tregs) in allergic asthma is associated with IL-33 production, exacerbating airway reactivity (61). Additionally, the RNA-binding protein RBM3 is highly expressed in lung ILCs of asthmatics, induced further by IL-33, and plays a role in regulating ILC function and inflammatory progression (62).

Research has shown that prophylactic or therapeutic administration of P2Y13-R, also known as IL-33 and High-mobility group box1 (HMGB1)’s novel gatekeeper, in experimental asthma models can attenuate the onset and progression of asthma (63). Conversely, intranasal injection of IL-33 or specific allergens in mice leads to increased numbers of ILC2s in the lungs, peripheral blood, and liver. Notably, IL-33-treated mice exhibit proliferation of lung-resident ILC2s and migration of activated ILC2s to the liver, promoting type 2 inflammation and eosinophilic hepatitis (64).

The deterioration of asthma often occurs alongside respiratory viral infections, such as dsRNA challenge or rhinovirus infections, which can exacerbate allergic asthma in mouse models. In models of house dust mite (HDM)-induced asthma, dsRNA attacks can worsen asthma symptoms, with key upstream Th2 cytokines implicated in aggravation being IL-33, TSLP, and IL-25 (65). IL-33 not only induces antiviral signaling in mast cells (MCs) but also upregulates receptors for human rhinoviruses (HRVs), potentially enhancing viral infection and contributing to viral-induced asthma exacerbation (66).

Studies by Kim A.T. Verheijden and colleagues in HDM-induced asthma mouse models demonstrated that adding galacto-oligosaccharides (GOS) to infant formula diets had intestinal and immune modulatory effects, attenuating IL-33 expression associated with intestinal barrier dysfunction (67). Jackson et al. observed elevated IL-33 levels in asthmatics during experimental rhinovirus (RV) progression, correlating with increased levels of T2 cytokines IL-5 and IL-13 in airway mucosal fluid and the severity of worsening following viral inoculation (68). Similarly, Beale and colleagues (69) reported induction of IL-25 by experimental rhinovirus infection, with higher expression levels at baseline and during infection in asthmatic individuals.

In recent years, the morbidity and severity of asthma have increased alongside rising rates of obesity. Mast cells are implicated as targets and sources of various inflammatory factors and stress molecules in response to metabolic burdens, including adipocytokines, IL-9, IL-33, corticotropin-releasing hormone (CRH) and neurotensin (NT) (70). IL-33, in particular, enhances the release of vascular endothelial growth factor triggered by substance P and promotes the release of TNF promoted by neurotensin. IL-9 and IL-33 contribute to pulmonary mast cell infiltration and worsen allergic inflammation, diminishing the response to glucocorticoids and bronchodilators in obese patients (70). In summary, cytokines such as IL-33 play a critical role in the inflammatory response observed in asthmatic patients, particularly contributing to the enhanced type 2 (T2) inflammatory response seen during the aggravation state of asthma. Asthma is a significant health concern, and innovative studies targeting IL-33 could potentially lead to effective treatments for asthma patients.




4.2 IL-33 and allergic rhinitis

Interleukin (IL)-33 is a novel member of the IL-1 family of cytokines and acts as a ligand for the IL-1 family receptor, ST2. IL-33 is known to induce a type 2 inflammatory response, which is implicated in allergic inflammation observed in conditions like asthma and atopic dermatitis. In allergic rhinitis, IgE is typically associated with early nasal symptoms such as sneezing and a runny nose, whereas Th2 cytokines are linked to reactions like nasal congestion, discomfort, and irritability (71). However, the specific role of IL-33 and its receptor ST2 in allergic rhinitis remains unclear (54).

Dachuan Fan et al. (72) conducted a study using flow cytometry to quantify the frequency of ILC2s in peripheral blood samples from healthy controls and patients with HDMor mugwort monosensitization. Their findings revealed distinct phenotypic and functional differences in ILC2 frequency among patients with allergic rhinitis sensitized to HDM or mugwort allergens (72). R. Kamekura et al. (54) investigated IL-33 and ST2 expression in normal and allergic rhinitis nasal mucosa using reverse transcription and real-time polymerase chain reaction (PCR), as well as immunohistochemistry. Their results indicated an IL-33-mediated inflammatory response and suggested differential regulation of ST2 by various signaling pathways in human nasal epithelial cells (HNECs) (54). In a randomized, double-blind, placebo-controlled trial involving birch pollen-allergic participants, treatment with birch pollen extract led to significantly greater clinical responses compared to placebo. Notably, participants exhibited a significant increase in levels of soluble IL-33 receptor (sST2) in nasal secretions (73). Additionally, baseline IL-33 mRNA levels were strongly associated with late allergic reactions (LAR) in allergic rhinitis, as revealed in studies investigating the molecular basis of LAR (74). In addition to this, genetic factors including cytokine genes influence IL-33 levels and also play an important role in allergic rhinitis (75, 76). Li et al.’s study provided the first evidence that gene expression profiles of AR-derived nasal fibroblasts (NFs) are associated with IL-33 and IL-6 levels, and BARX1 may be an effective target to alleviate the pathogenesis of AR (77).

On the other hand, no significant differences in IL-25 and IL-33 levels were observed between patients with fungal and non-fungal allergic rhinitis. Chronic fungal exposure may regulate innate systemic cytokines in severe persistent allergic rhinitis (78). Furthermore, in studies using Keyhole Limpet Hemocyanin (KLH) as a neoantigen to induce a Th2 response in humans, no differences in IL-1β and IL-33 expression were observed between control and experimental groups (79). IL-33 is closely associated with allergic rhinitis, and interfering with IL-33 may be a new modality for the treatment of allergic rhinitis.




4.3 IL-33 and chronic obstructive pulmonary disease

Senescence is characterized by the gradual decline in lung function due to increased cellular senescence, reduced regenerative capacity, and impaired innate host defenses. The secretion of alarmins, such as IL-33, and the activation of type 2 inflammation represent important mechanisms of innate airway epithelial defense against non-microbial triggers (80). Studies in COPD have demonstrated that exposure to cigarette smoke (CS) promotes IL-33 cytokine responses and contributes to disease development (81). In animal models, CS exposure combined with vascular endothelial growth factor knockout has been shown to recapitulate severe COPD features, including a substantial influx of IL-33-expressing macrophages and neutrophils, highlighting a shift in the CS-induced response towards an uncontrolled, prolonged IL-33-mediated inflammatory reaction from localized surveillance (81). Furthermore, CS-induced pathogenic changes can be notably suppressed by intranasal delivery of neutralizing anti-IL-33 antibodies (82). In summary, IL-33 may play a significant role in influencing the progression of COPD and could be considered a key factor in the disease’s development.




4.4 IL-33 and pulmonary fibrosis

PF is a prevalent interstitial lung disease. Recent studies have suggested that IL-33 plays a role in the progression of pulmonary fibrosis, contributing to local inflammation and the formation of fibrotic tissue (83–86). Gao et al. (83) discovered that IL-33 can exacerbate pulmonary fibrosis in mice through the NF-κB pathway. Their experiments inducing pulmonary fibrosis in mice with bleomycin revealed a significant increase in the phosphorylation level of NF-κB p65 protein in lung tissues, along with a marked enhancement in the nuclear translocation of NF-κB p65. Notably, the use of NF-κB inhibitors substantially mitigated these effects (83). Additionally, Yi et al. (87) illustrated that ubiquitin-specific protease 38 (USP38) acts as a negative regulator of IL-33. Their findings demonstrated that mice lacking USP38 displayed more severe pulmonary fibrosis and IL-33-associated lung inflammation following exposure to bleomycin, further solidifying the intricate connection between IL-33 and pulmonary fibrosis (87). Previous research has also indicated that IL-33 can activate transforming growth factor-beta (TGF-β) (86). Recent studies have further suggested that TGF-β1 can induce and sustain the expression of neuropilin-1 (Nrp1), a signaling pathway that upregulates the expression of the IL-33 receptor ST2. This process enhances type 2 immunity and the function of ILC2s, ultimately driving the progression of PF (85). Interestingly, full-length IL-33 seems to have a distinct impact on the pathogenesis of PF compared to processed IL-33. Reports suggest that IL-33 may promote fibrosis development in two forms: full-length IL-33 through both transcription (ST2-dependent) and non-transcription (non-ST2-dependent) mechanisms (88). In conclusion, the relationship between IL-33 and pulmonary fibrosis is intricate, highlighting it as a promising area for further research into the mechanisms and treatment strategies for PF in the future.

Idiopathic pulmonary fibrosis (IPF) is a progressive and highly lethal inflammatory interstitial lung disease characterized by abnormal deposition of the extracellular matrix (89). In the context of idiopathic pulmonary fibrosis, IL-33 may also play a role in its pathogenesis (90). Fanny, M et al. et al. (88) utilized IL-33 in a bleomycin-induced inflammation and Idiopathic pulmonary fibrosis model using mouse IL-33 receptor [tumorigenic 2 (ST2) chain-inhibited] mice compared to C57BL/6 wild-type mice. Unexpectedly, it was found that acute neutrophilic lung inflammation led to the development of IL-33/ST2-dependent pulmonary fibrosis associated with M2-like polarization production, and that 24 hours after bleomycin treatment, ST2-deficient mice exhibited enhanced inflammatory cell recruitment, and MRI showed enhanced inflammation in the lungs with pulmonary edema (91). Lee et al. (90) demonstrated that levels of IL-33 and TSLP in bronchoalveolar lavage fluid may help differentiate IPF from other chronic interstitial lung diseases. Another research has shown that the pro-fibrotic role of IL-25/IL-33/TSLP in IPF represents a novel paradigm, acting directly on two key cells in the fibrotic process: alveolar epithelial cells and (myo)fibroblasts (84).Additionally, Majewski et al. (92) analyzed exhaled breath condensate from IPF patients and found the presence of IL-33, suggesting a potential association between IL-33 and the progression of IPF. Interestingly, full-length IL-33 can contribute to the pathogenesis of IPF by promoting the expression of cytokines such as TGF-β, interleukin-6 (IL-6), monocyte chemotactic protein-1 (MCP-1), macrophage inflammatory protein-1α (MIP-1α), and tumor necrosis factor-alpha (TNF-α) (93). This, in conjunction with bleomycin, leads to the accumulation of lung lymphocytes and collagen production in IPF (93). In contrast, Katherine E. Stephenson et al. utilized a mouse model of bleomycin (BLM)-induced pulmonary fibrosis and evaluated the fibrotic potential of the IL-33-mediated ST2 signaling pathway using a therapeutic dose of ST2-Fc fusion protein. Their findings suggested that this pathway is unlikely to exert a central fibrotic effect in idiopathic pulmonary fibrosis (94). However, further research is needed to elucidate the specific pathways involved. Future studies can build upon this foundation to delve deeper from a broader perspective, increasing the diversity and reliability of research data to contribute to the understanding of the mechanisms and treatment of IPF.

Moreover, IL-33 has been implicated in pulmonary fibrosis associated with systemic sclerosis (SSc). Previous studies have suggested that endothelial cell damage in early SSc patients upregulates IL-33 mRNA expression, leading to the release of IL-33 protein into the bloodstream (95, 96). Recent research has demonstrated elevated levels of IL-33 in SSc patients, with correlations observed between IL-33 levels and the severity of skin sclerosis and pulmonary fibrosis (97, 98). Furthermore, varying degrees of IL-33 upregulation have been identified in patients with cystic fibrosis and silicosis, indicating a potential role for IL-33 in the pathogenesis of these diseases, necessitating further investigation in the future (99, 100).

The treatment of pulmonary fibrosis, encompassing a wide range of diseases, has long posed a significant challenge for the medical community. While numerous research findings have laid the groundwork for understanding these conditions, there remain numerous unexplored avenues that warrant thorough investigation. Advancing our understanding through comprehensive exploration and the accumulation of reliable evidence will be pivotal in unraveling the mechanisms underlying pulmonary fibrosis and related disorders, ultimately aiding in the development of effective treatments in the future.




4.5 IL-33 and other respiratory diseases

In studies of acute respiratory distress syndrome (ARDS), IL-33 has been shown to play a critical role in modulating post-injury inflammation by controlling local cytokine levels and populations of Foxp3+ Tregs (101). Additionally, research in a mouse model of LPS-induced lung injury has revealed that early release of IL-33 in ARDS contributes to an uncontrolled inflammatory response through activation of Invariant natural killer T cells (iNKT cells) (102). This suggests that IL-33 and NKT cells could potentially serve as targets for early intervention in cytokine storms associated with ARDS (102). Brandon W. Lewis et al. studying a cystic fibrosis-like lung disease model, compared IL-33 gene knockout (IL-33KO) Tg+ mice with IL-33 heterozygous (IL-33HET) Tg+ mice. They found that IL-33KO/Tg+ mice had completely absent eosinophils in bronchoalveolar lavage fluid compared to IL-33HET/Tg+ mice, and mucin staining within airway epithelial cells was completely lost. Additionally, levels of IL-5, IL-4, and Th2-related gene markers (Slc26a4, Clca1, Retnla, and Chi3l4) were significantly reduced, indicating that mucus obstruction was not dependent on IL-33 (103). Moreover, investigations have explored TNFα-induced cytokine production in primary lung fibroblasts from individuals with asthma compared to non-asthmatics, demonstrating significant upregulation of IL-6, IL-8, C-C motif chemokine ligand 5 (CCL5), and TSLP mRNA expression and protein secretion in lung fibroblasts upon TNFα stimulation (104). While numerous studies have confirmed the association of IL-33 with respiratory diseases such as asthma, allergic rhinitis, COPD, and pulmonary fibrosis limited research has investigated the role of IL-33 in other respiratory conditions like ARDS. Consequently, there remains ambiguity regarding the involvement of IL-33 in these diseases, highlighting the need for further studies to elucidate its role and therapeutic implications. Additional investigations are warranted to clarify the relationship between IL-33 and various respiratory disorders beyond the well-established conditions, paving the way for more targeted therapeutic approaches and a comprehensive understanding of IL-33 biology in respiratory pathology.





5 Current status of treatment of type 2 inflammatory respiratory diseases

The treatment of respiratory diseases is confronted with several challenges, encompassing complex etiologies, drug resistance concerns, inflammation, and airway remodeling, as well as individual patient variations such as immune system variability. Moreover, challenges also include issues related to long-term therapy adherence, and the cost and accessibility of treatment. At the heart of type 2 inflammation is the production of cytokines and other inflammatory mediators by T-lymphocytes. These molecules play a pivotal role in the initiation and perpetuation of respiratory diseases by inciting inflammatory responses and influencing the disease trajectory. Addressing these challenges requires a multifaceted approach that integrates insights from immunology, pharmacology, and personalized medicine. Novel therapeutic strategies that specifically target key mediators of inflammation, including cytokines produced by T-lymphocytes, offer promising avenues for improving treatment outcomes and addressing the complexities inherent in managing respiratory diseases. Additionally, efforts to enhance treatment adherence and optimize therapy accessibility are essential for achieving effective disease management and improving patient quality of life.



5.1 Asthma

Asthma is a complex and challenging disease characterized by diverse etiologies and mechanisms. It encompasses various clinical phenotypes, including allergic asthma, nonallergic asthma, adult-onset asthma, asthma with persistent airflow limitation, and obesity-related asthma. Additionally, asthma can be classified based on sputum granulocyte infiltration proportions, such as eosinophilic, neutrophilic, mixed granulocyte, and oligophilic types. The prevalence of asthma is significantly influenced by age and gender. In children, males under thirteen years old tend to have a higher incidence compared to females, whereas in adulthood, females exhibit a higher incidence than males (105–107). Currently, the most effective long-term treatment for asthma management is inhaled corticosteroids (ICS) (108). However, despite high-dose ICS therapy and combination with long-acting β2 agonists or leukotriene modulators, some patients struggle to control their condition. This challenge may be attributed to the heterogeneous nature of asthma, where patients with different asthma phenotypes do not uniformly respond to standard anti-asthma treatments (109). Therefore, further studies are still needed to explore effective drugs and provide new ideas for the treatment of asthma.



5.1.1 Blocking IL-33 production and release in asthma therapy

Fruit and vegetable intake has been associated with a reduced risk of asthma and improved lung function, particularly evidenced by enhanced Forced Expiratory Volume in the first second (FEV1) and decreased wheezing frequency, with notable benefits observed from consuming apples and oranges (110–112). These foods are rich sources of essential vitamins, including vitamin A, vitamin C, vitamin D, and vitamin B6, each of which contributes to protective effects against asthma development (113–116). Recent studies highlight the effectiveness of vitamin B6, particularly its active form pyridoxal phosphate (PLP), in alleviating type 2 inflammatory responses and reducing asthma severity. Healthy individuals tend to exhibit higher concentrations of PLP compared to asthmatics, with the lowest PLP levels observed in patients with severe asthma. Interestingly, serum PLP concentrations positively correlate with FEV1 and negatively correlate with eosinophil levels in asthmatics, indicating a protective role of vitamin B6 in asthma progression (116). Moreover, research by Zhu et al. revealed that PLP inhibits MDM2-mediated ubiquitination of IL-33, a crucial step for IL-33 stability and type 2 inflammatory response regulation. By promoting IL-33 degradation through ubiquitin modification, vitamin B6 attenuates inflammatory responses associated with asthma (116). Given the accessibility and affordability of vitamin B6 through dietary sources, it represents a promising and cost-effective therapeutic strategy for asthma treatment. Incorporating vitamin B6-rich foods into daily nutrition may offer a safe and accessible approach to mitigating asthma symptoms and improving overall respiratory health. Continued research in this area holds potential for advancing personalized nutritional interventions in asthma management.

Upstream of IL-33, drugs primarily act by inhibiting IL-33 expression and activation. Increased SPRR3 gene expression in asthma patients significantly elevates IL-33 levels. Inhibiting SPRR3 suppresses IL-33 expression in lung tissues and bronchoalveolar lavage fluid (BALF) of asthmatic mice. This inhibition further dampens the activation of the PI3K/Akt/NFκB pathway, reduces expression of IL-25 and TSLP, decreases recruitment of ILC2 cells, and weakens Th2 immune responses (117). Additionally, ascr#7, found in ascarosides produced by parasites like N. brasiliensis, in combination with antigen/gelatin, reduces IL-33 expression in lung epithelial cells. By preventing downstream effector activation by IL-33, it inhibits IL-33-mediated proliferation of ST2+Th2 cells and ILC2 cells (118). The miR-206/cd39/ATP axis regulates airway IL-33, IL-25, and TSLP expression and type 2 inflammation. Elevated ATP levels activate extracellular purinergic receptors, which mediate the release of IL-33. Reduced ATP levels inhibit IL-33, IL-25, and TSLP release, as well as downstream ILC2 amplification (119). Wowbaine, an inhibitor of sodium-potassium ATPase, suppresses the production of IL-33, TSLP, IL-1β, and IL-4 in OVA mice. It also decreases levels of tissue remodeling markers like TNF-α and TGF-β, inhibits cell migration, and reduces vascular permeability (120). Jina et al. (121) found that intranasal inhalation of IFN-λs accelerates the reduction of IL-33 and TSLP levels in the lungs of asthmatic mice, alleviating lung injury induced by Th2 responses. This approach represents a potential method to control Th2-mediated allergic reactions.

Chinese medicines have a long history of use in treating asthma, and recent studies suggest that some Chinese medicines may target the IL-33 pathway upstream. Louki Zupa (LKZP) has been found to inhibit the expression of IL-33 and ST2 in OVA mice. It suppresses the IL-33/ST2-NFκB/GSK3β/mTOR pathway-mediated inflammatory response, thereby attenuating airway inflammation in OVA mice (122). Irisflavin A, another compound, exhibits chemoprotective effects. Treatment of OVA mice with irisflavin A reduces IL-33, IL-4, and IL-5 levels along with their mRNA expression. This treatment also decreases airway hyperresponsiveness in asthmatic mice and exerts a protective effect against airway inflammation and eosinophil chemotaxis (123). Furthermore, in mice sensitized with HDM and undergoing dietary intervention with galacto-oligosaccharides (GOS), levels of IL-33 and ST2 were reduced, and the distribution of IL-33 was altered, leading to a weakened inflammatory response (67).

Another study identified a positive correlation between plasma thrombin-antithrombin complex (TATc) levels and the number and function of innate lymphoid cell type 2 (ILC2) in PBMCs of allergic patients (124). Direct or indirect thrombin inhibitors, such as bivalirudin (TFA) and low molecular weight heparin, were found to inhibit the IL-33-associated type 2 immune response by affecting IL-33 maturation and ILC2 activation in vivo. These findings suggest a potential therapeutic approach involving thrombin inhibition to modulate IL-33-mediated immune responses in allergic conditions.




5.1.2 Blocking IL-33/ST2 binding and downstream conduction pathways in asthma therapy

Downstream of the IL-33 pathway, drugs can block IL-33 binding to ST2 and inhibit ILC2 production, thereby attenuating the type 2 inflammatory response. The interleukin family is involved in IL-33-induced allergic asthma, with IL-9 being a downstream cytokine of IL-33. Studies in IL-9-deficient mice have shown that IL-33-induced airway hyperresponsiveness, inflammatory cell infiltration, cuprocyte chemotaxis, collagen deposition, smooth muscle hypertrophy, and downstream cytokine expression were all attenuated, suggesting the involvement of IL-9 in IL-33-induced airway inflammation and asthmatic airway remodeling (125). Mast cells are known to produce interleukin 9 (IL-9), IL-33, and stress molecules. IL-33, in turn, induces mast cells to produce IL-13, which promotes mast cell survival and enhances allergic inflammation by promoting lung mast cell infiltration. Certain flavonoids, such as quercetin and lignans, exhibit potent mast cell inhibitory effects along with anti-inflammatory and antioxidant properties, suggesting a promising therapeutic approach (126, 127). Additionally, blocking the IL-33/RAGE/VCAM-1 pathway inhibits IL-33-induced ILC2-mediated type 2 inflammatory response, leading to the elimination of eosinophilic inflammation and mucous epithelial hyperplasia (128). The mTOR (rapamycin signaling) pathway also plays a role in asthma, where IL-33 induces phosphorylation of rpS6 in bone marrow ILC2s via mTORC1 signaling to initiate the immune response. Rapamycin may attenuate IL-33-induced eosinophilic inflammation by inhibiting IL-5-induced bone marrow ILC2s and reducing mTOR signaling (129). Furthermore, activation of ILC2s downstream of IL-33 and allergic airway inflammation can be inhibited through the adenosine/A2A signaling pathway, likely due to adenosine binding to its receptor, which increases intracellular cAMP production and downregulates the downstream NF-κB pathway (130).

In obese asthma patients, treatment with glucagon-like peptide-1 receptor agonist (GLP-1RA) led to reduced acute release of IL-33 and TSLP, decreased airway hyperresponsiveness, and attenuation of ILC2 activation, providing a potential therapeutic direction for obese asthma treatment (131). Cyclohexane di-gmp (CDG) (132) modulates the downstream ILC2 response to ALT-induced IL-33 release, effectively reducing ALT-induced eosinophilia in bronchoalveolar lavage (BAL) and lungs, along with decreasing IL-5 and IL-13 levels in BAL, attenuating ILC2-driven eosinophilic airway inflammation. Another traditional Chinese medicine, serpentine (133), has been shown to reduce airway hyperresponsiveness and attenuate airway inflammatory response and remodeling by inhibiting IL-33/ST2 signaling, balancing Th1/Th2-associated cytokines, and achieving therapeutic efficacy in mice at 50 mg/kg. Moreover, Fibulin-1 (Fbln1), an ECM protein, stabilizes the deposition of other ECM proteins and collagen. Deletion of Fbln1c in a mouse model of chronic experimental asthma demonstrated protective effects against elevated IL-33, IL-5, IL-13, and TNF, reduced airway remodeling and hyperresponsiveness (AHR), decreased recruitment of neutrophils, eosinophils, and lymphocytes, and lower levels of airway inflammation-related cytokines and chemokines, suggesting a potential therapeutic target for inhibiting chronic asthma airway remodeling and inflammation. Lastly, in patients with mild allergic asthma who discontinued glucocorticoid therapy, the ratios of IL-1β to IL-37 and IL-33 to IL-37 were significantly elevated compared to asthmatics, potentially underlying the persistence of allergic asthma in adults. IL-37 suppresses allergic airway inflammation by balancing the disease-amplifying effects of IL-1β and IL-33 (134). However, the specific mechanism remains unclear, necessitating further studies to elucidate causation and therapeutic potential.




5.1.3 Monoclonal antibodies in asthma therapy

Blocking TSLP, ST2, and IL-33 can all be effective in treating asthma. Tezepelumab, a monoclonal antibody targeting TSLP, works by directly binding to TSLP and blocking TSLP-TSLPR signaling. It has shown efficacy and long-term safety in treating severe asthma (135). Astegolimab selectively inhibits ST2, reducing the rate of acute asthma deterioration and demonstrating safety and efficacy in patients with severe T2-low type asthma. Antibodies targeting IL-33 that have been studied include itepekimab, tozorakimab, and REGN3500. Although many of these drugs are still in the clinical evaluation stage, itepekimab has demonstrated a significant reduction in the odds of uncontrolled asthma compared to placebo (136). Tozorakimab acts by blocking both IL-33(red) and IL-33(ox) signaling, providing a new strategy for treating inflammation and epithelial dysfunction (137). Interestingly, Vannella et al. (138) studied IL-33, IL-25, and TSLP using the Schistosoma haematobium egg lung granuloma model of allergic airway disease and concluded that targeting only one cytokine is useful but incomplete for reducing allergic airway disease. They suggested that targeting all three cytokines simultaneously could be more meaningful (138). Further studies are needed to confirm the roles of these drugs and provide safer options for pharmacologic asthma treatment.




5.1.4 Allergen immunotherapy in the treatment of asthma

Allergen Immunotherapy (AIT) stands as a pivotal element within asthma treatment, attracting considerable attention within the medical community in recent years, with well-defined international guidelines in place (139). In a retrospective study conducted by Wang et al. involving 112 children diagnosed with allergic rhinitis (AR) and cough variant asthma (CVA), Subcutaneous Immunotherapy (SCIT) was shown to forestall the emergence of new sensitizations and the progression to classic asthma (CA) in this specific pediatric cohort. Moreover, SCIT treatment demonstrated enhancements in serum levels of sIgG4, IL-27, and IL-33, yielding superior clinical outcomes compared to traditional pharmacological approaches (140). Additionally, a study indicated the potential of allergen immunotherapy in reducing the incidence of respiratory infections and mitigating the risk of acute exacerbations in individuals with asthma. Christian and colleagues’ (141) research revealed that House Dust Mite Sublingual Immunotherapy (HDM-SLIT) significantly upregulates the expression of bronchial epithelial IFN-β and IFN-λ, thereby dampening the response of IL-33 to the viral mimic poly(I:C). These findings suggest that this therapeutic approach may bolster tolerance to viral infections and enhance the stability of airway epithelium.

In summary, IL-33 plays a critical role in the early stages of asthma development by initiating downstream signaling pathways that contribute to asthma induction and exacerbation. Numerous drugs have demonstrated the ability to lower IL-33 levels and alleviate asthma symptoms. However, the precise mechanisms and targets involved in IL-33 down-regulation remain unclear, necessitating further research to identify these mechanisms and targets. This deeper understanding will pave the way for novel therapeutic options for the treatment of asthma.





5.2 Allergic rhinitis

Given the extensive research on the role of IL-33 in allergic rhinitis (AR) in recent years, targeting IL-33 represents a valuable approach to intervening in the onset and progression of AR (142). In addition to traditional treatments like antihistamines, glucocorticoids, and allergen avoidance, understanding and modulating the IL-33 pathway could offer novel strategies for managing allergic rhinitis effectively. This approach leverages insights into the specific mechanisms underlying AR pathogenesis, potentially leading to more targeted and impactful therapeutic interventions.



5.2.1 Blocking IL-33 production and release in allergic rhinitis

Xiaoqinglongtang (XQLT) is a traditional Chinese herbal formula described in the Shang Han Lun, comprising ephedra, peony, and xixin. Manabu and colleagues (143) found that XQLT administration helped control symptoms and reduced IL-33 levels in serum and nasal lavage fluid in TDI-induced AR mice. Further investigations revealed that XQLT could decrease IL-33 release from nasal epithelial cells. Zhang et al. (144) studied the mechanism of XQLT in vivo and discovered that XQLT significantly reduced nasal mucosal tissue damage in an OVA-induced AR mouse model. They observed decreased levels of IL-33, ST2, MYD88, and NF-κB p65 proteins in the XQLT intervention group compared to the control group, suggesting that XQLT might inhibit the IL-33/ST2 signaling pathway through the MYD88/IRAK4/NF-κB p65 pathway (145). Rezwanul et al. (146) demonstrated that wild grape extracts could inhibit IL-33 gene expression in HeLa cells and Swiss 3T3 cells, indicating that wild grapes may contain compounds that inhibit IL-33 expression. Additionally, they found that betuletol, extracted from Brazilian propolis, reduced eosinophil numbers by inhibiting ERK phosphorylation and down-regulating IL-33 expression, thereby improving eosinophilic inflammation symptoms. Some of these substances are already used clinically, while others are still in the laboratory research phase. Further clinical studies are necessary to validate their effectiveness and safety for treating allergic rhinitis and related conditions.




5.2.2 Blocking IL-33/ST2 binding and downstream conduction pathways in allergic rhinitis

MicroRNAs (miRNAs) are small endogenous non-coding molecules that play a crucial role in post-transcriptional regulation (147). Studies have demonstrated that miR-181a-5p can target IL-33, leading to its downregulation and inhibition of the IL-33/ST2/p38 MAPK axis, exerting an anti-inflammatory effect in human RPMI-2650 nasal epithelial cells (148). Another study has shown that Didox reduces cytokine production following IL-33 activation by inhibiting NFκB and AP-1 transcriptional activity in primary mouse mast cells, suggesting that Didox could potentially act as a treatment for ARpatients (142, 148). Additionally, Jin et al. (149) found that Chaenomeles sinensis extract (CSE) could improve rhinitis symptoms in OVA-induced AR mice. Immunohistochemistry revealed that mice gavaged with CSE showed more restricted distribution of ST2 compared to positively treated group mice, along with reduced IL-33 levels, indicating that CSE may be effective in controlling IL-33/ST2 axis-mediated cellular inflammation in nasal epithelial cells. Furthermore, FJE (a yellow flower root extract) is commonly used for allergic inflammation treatment and has been reported to modulate mucus accumulation by reducing inflammatory cell infiltration. It can also inhibit OVA-specific immunoglobulins and modulate the IL-33/TSLP/NF-κB signaling pathway, thereby exerting therapeutic effects on allergic rhinitis (150).




5.2.3 Allergen immunotherapy in the treatment of allergic rhinitis

The pathogenesis of allergic diseases primarily involves allergen-specific IgE and Th2-related cellular inflammation. Allergen-specific immunotherapy primarily targets cellular immunity by inhibiting the production and release of IL-25 and IL-33, reducing the recruitment of inflammatory cells such as ILC2 and eosinophils, and suppressing Th2-related cellular inflammation. This, in turn, alleviates allergic airway inflammation and airway hyperresponsiveness (151, 152). The severity of allergic rhinitis (AR) is positively correlated with IL-33 levels, and a decrease in its levels may indicate improvement in clinical symptoms. Therefore, IL-33 could be considered a crucial predictive factor and a key therapeutic target in the treatment of AR (153, 154).





5.3 Chronic obstructive pulmonary disease

COPD is a prevalent respiratory condition, and emerging research indicates the involvement of type 2 cytokines, including IL-33, in its development (155–157). Current clinical approaches for COPD management primarily involve M-cholinergic inhibitors, β-adrenergic receptor agonists, and glucocorticoids (158). However, specific treatments targeting type 2 inflammation in COPD, such as those involving IL-33, remain lacking. Recent studies have highlighted potential therapeutic strategies targeting IL-33 for COPD. These may include interventions aimed at modulating IL-33 expression, blocking IL-33 signaling pathways, or targeting downstream effectors of IL-33-mediated inflammation. Investigating IL-33 as a therapeutic target could open avenues for developing more tailored and effective treatments for COPD associated with type 2 inflammation (159–164).



5.3.1 Blocking IL-33 production and release in chronic obstructive pulmonary disease

Previous studies have shown that the serum amyloid A (SAA)/IL-33 axis plays a role in the pathological process of steroid-resistant pulmonary inflammation (159). Recent research has indicated that bitterside II could be a potent inhibitor of SAA and IL-33 production. Bitter Glycoside II, a metabolite derived from the plant extract mullein, was found to inhibit LPS-induced SAA1 mRNA expression in human monocytes and SAA-induced IL-33 secretion in human airway epithelial cells. Further investigations revealed that this compound inhibited the TLR2-MAPKp38-ERK1/2 and NF-κB signaling pathways activated by SAA, thereby suppressing IL-33 production and potentially controlling airway remodeling in COPD patients (159). These findings suggest that bitterside II holds promise as a therapeutic agent, although its safety and efficacy require validation through additional animal and clinical trials.

Ella and colleagues (160) observed a significant increase in the secretion of the ceramide biosynthetic enzyme neutral sphingomyelinase 2 (nSMase2) and the IL-33 isoform IL-33Δ34 in patients with COPD following a comprehensive analysis of human airway epithelial cells. Subsequent investigations revealed that nSMase2 promotes IL-33 secretion by integrating into the multivesicular endosomal (MVE) pathway, thereby exacerbating COPD severity in humans. They conducted experiments using the nSMase2 inhibitor, GW6849, which effectively suppressed IL-33 secretion and downstream inflammatory pathways, demonstrating its potential as a novel therapeutic approach for COPD treatment. However, as of now, no relevant drugs targeting this pathway have entered clinical trials.




5.3.2 Blocking IL-33/ST2 binding and downstream conduction pathways in chronic obstructive pulmonary disease

IL-33 plays a role in accelerating the progression of COPD by inducing and enhancing the expression of IL-6 and IL-8 inHBE cells and PBMCs of COPD patients via the ST2/IL-1RacP pathway and MAPKs pathway. In a study conducted by Jin et al. (45), the existence of this pathway was confirmed through cytological experiments. They demonstrated that the expression of IL-6 and IL-8 could be down-regulated by administration of ST2-neutralizing antibody, IL-1RACP-neutralizing antibody, the MAPK inhibitor SB-203580, or the JNK inhibitor SP-600125. These findings suggest that inhibitors targeting these pathways may hold potential therapeutic effects for COPD.




5.3.3 Monoclonal antibodies in chronic obstructive pulmonary disease

Itepekimab, a monoclonal antibody targeting IL-33, has shown potential for COPD treatment in a multicenter, randomized, double-blind, phase 2a clinical trial. In this trial, patients already receiving disease-controlling therapy were additionally treated with Itepekimab (300 mg per injection, twice every two weeks for 24-52 weeks). Subgroup analysis of ex-smokers revealed a 42% reduction in the rate of acute COPD worsening and an improvement in FEV1 by 0.09 L (161). These results suggest potential benefits in lung function improvement for ex-smokers and usefulness in COPD treatment. Astegolimab, a monoclonal antibody against ST2, was investigated in a clinical trial conducted by Aj and colleagues (162). While it did not control the acute exacerbation rate in COPD patients, it showed promise in improving respiratory function and quality of life. Notably, improvements in Saint George’s Respiratory Questionnaire (SGRQ-C) and FEV1 were more significant in patients with higher eosinophils compared to those with lower eosinophils. The study also observed significantly lower blood and sputum eosinophil counts in the drug group compared to the placebo group, contributing to disease control. Further experimental and clinical studies are warranted to explore the potential of anti-ST2 therapy in COPD remission. Tozorakimab, a novel monoclonal antibody, acts by blocking IL-33 formation via the ST2 pathway and inhibiting its signal transduction in the RAGE/EGFR pathway (137). In a recent clinical study by F et al. (163), Tozorakimab demonstrated dose-dependent elevation of serum IL-33/Tozorakimab conjugates and decreased IL-33/ST2 conjugates compared to placebo. The experimental group showed significantly lower serum IL-5 and IL-13 levels and reduced blood eosinophil levels in COPD patients across all dose levels. The safety and tolerability of the drug were also confirmed. Although respiratory function was not examined in this study, ongoing phase 2 and phase 3 clinical trials aim to address these aspects and provide further insights into the efficacy of Tozorakimab for COPD treatment.




5.3.4 Other treatment mechanisms in chronic obstructive pulmonary disease

In COPD treatment regimens, glucocorticoids are considered the most widely used anti-inflammatory agents (164); however, in recent years, many patients have been found to exhibit decreased sensitivity to glucocorticoids, and IL-33 is considered to be a mediator of steroid resistance (165). Recent studies have shown that azithromycin and budesonide, when used alone, cannot inhibit the release of IL-33 from peripheral monocytes, but their combination can reduce the release of IL-33. These findings suggest that azithromycin helps to restore sensitivity to steroids in COPD patients, providing an adjunctive option for disease treatment (164).





5.4 Pulmonary fibrosis

Pulmonary fibrosis represents the end-stage of a lung condition characterized by fibroblast proliferation and extensive accumulation of extracellular matrix, accompanied by inflammatory damage and structural deterioration (166, 167). IL-33, a novel pro-fibrotic cytokine, signals through ST2, facilitating the onset and progression of pulmonary fibrosis by recruiting and guiding the functions of inflammatory cells in a ST2 and macrophage-dependent manner, and amplifying the production of pro-fibrotic cytokines. Attenuating and treating pulmonary fibrosis can be achieved by weakening or blocking its upstream and downstream pathways (166, 167). Bleomycin (BLM) is a critical chemotherapeutic agent used in cancer treatment. However, its cytotoxicity, associated with DNA strand scission and induction of reactive oxygen species, can lead to severe side effects, including pulmonary fibrosis (168–170). IL-33 plays a significant role in the initiation and progression of pulmonary fibrosis. The levels and activity of the IL-33 receptor (IL-33R) are regulated through deubiquitination by ubiquitin-specific protease 38 (USP38) and polyubiquitination by E3 ubiquitin ligase tumor necrosis factor receptor–associated factor 6 (TRAF6) (87). USP38 mediates the deubiquitination of IL-33R via the autophagy-lysosome pathway, promoting receptor downregulation, negatively regulating IL-33-triggered inflammatory signaling, and the inflammatory response; following bleomycin induction, mice with USP38 deficiency exhibit significantly increased transcription of inflammation and fibrosis-related genes in the lungs, heightened inflammatory cell infiltration, collagen deposition, elevated levels of the fibrosis marker α-SMA, and increased mortality (87). Upon IL-33 stimulation, TRAF6 enhances K27-linked polyubiquitination of IL-33R, preventing its autophagic degradation, promoting IL-33R stability, and facilitating effective signal transduction (87). Therefore, USP38 and TRAF6 represent potential drug targets for addressing IL-33-induced pulmonary fibrosis. A study by Zhang JJ et al. (85) revealed that neuropilin-1 (Nrp1) acts as a tissue-specific regulator for lung-resident ILC2. The transforming growth factor beta-1 (TGFβ1)-Nrp1 signaling pathway enhances ILC2 function and type 2 immunity by upregulating IL-33 receptor ST2 expression. Targeting Nrp1 can inhibit the activation of lung ILC2 and attenuate the pulmonary fibrotic response (85). Additionally, eukaryotic initiation factor 3a (eIF3a) serves as a crucial regulatory factor in fibrotic diseases (171, 172). It has been reported that IL-33 can activate the NF-κB pathway to induce eIF3a expression, and the NF-κB pathway inhibitor pyrrolidine dithiocarbamate (PDTC) can reverse this reaction, thereby inhibiting the development of pulmonary fibrosis (173–177). Another pro-apoptotic agent, Dehydrocostus lactone (DHL) (173–177), can downregulate the JNK/p38 MAPK-mediated NF-κB signaling pathway, inhibit macrophage activation, and exert anti-fibrotic effects (178).

Idiopathic pulmonary fibrosis (IPF) is a progressive, irreversible lung disease characterized by respiratory distress and respiratory failure primarily caused by the formation and thickening of lung interstitial tissue scars (179, 180). Currently, pirfenidone and nintedanib are the only treatment options for IPF (179, 180). Researchers are actively exploring new therapeutic drugs and targets. Elamipretide (SS-31) is a novel insulin-targeted antioxidant that protects and repairs damaged mitochondria without affecting healthy mitochondria (181). SS-31 offers protection against pulmonary fibrosis and inflammation by inhibiting the activation of the NLRP3 inflammasome in macrophages mediated by Nuclear factor erythroid 2-related factor 2 (Nrf2) (89). Nuclear factor of activated T cells cytoplasmic member 3 (NFATc3) responds to damaged epithelial cells, IL-33, and Th2 cell stimuli, promoting the production of C-C motif ligand 2 (CCL2) and C-X-C motif chemokine ligand 2 (CXCL2), exacerbating early inflammation, regulating angiogenesis, mediating fibroblast recruitment, and participating in the pathogenesis of pulmonary fibrosis (89). NFATc3 deficiency significantly reduces bleomycin-induced pulmonary fibrosis and inflammation. Tumor Necrosis Factor Superfamily Member 14 (TNFSF14/LIGHT) primarily acts on Lymphotoxin Beta Receptor (LTβR), promoting lung fibroblast division, upregulating IL-33 mRNA, and the expression of adhesion molecules intercellular cell adhesion molecule-1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1), inducing the transcription of CC or CXC chemokines in lung fibroblasts, amplifying inflammatory and fibrotic responses. Targeting the blockade of LIGHT activity may provide new therapeutic strategies for pulmonary fibrosis treatment (182). Furthermore, Zheng et al. (183) in an in vitro study, unveiled the association between IL-1 receptor-associated kinase (IRAK)-M and pulmonary fibrosis. The overexpression of IRAK-M exerts a beneficial influence on pulmonary fibrosis-related alterations: it notably impedes the proliferation and motility of lung fibroblasts, diminishes the expression of fibronectin, type I collagen, and α-SMA in Murine lung fibroblasts (MLg) cells, and boosts the production of metalloproteinases (MMP9) (183). Essentially, pharmaceutical agents that activate IRAK-M could emerge as a promising avenue for future investigations.

As previously discussed, the ongoing progress in medical research is deepening our comprehension of the pathophysiology of pulmonary fibrosis. Research on associated targets and pathways is progressively broadening, offering valuable insights for the future advancement of clinical practice.




5.5 Other respiratory diseases

In models of acute lung injury (ALI) and ARDS, elevated serum IL-33 levels contribute significantly to the pathogenesis, primarily through the IL-33/STAT3/MMP2/9 pathway (184). Studies have demonstrated that neutralizing IL-33 with specific antibodies can reduce the levels of MMP2 and MMP9, thereby mitigating the severity of lung injury associated with ARDS (184). Additionally, excessive cellular autophagy has been implicated in increased mortality due to ARDS-induced lung injury (185). Liang et al. (185) investigated the role of autophagy modulation in ARDS using rapamycin (RAPA), an autophagy promoter, and 3-methyladenine (3-MA), an autophagy inhibitor. Their findings revealed that 3-MA inhibits NF-κB-mediated IL-33 expression, leading to a reduction in the uncontrolled inflammatory response observed in ARDS.

HMGB1 is an evolutionarily conserved non-histone nuclear protein expressed in nearly all cells. In allergic airway diseases, HMGB1 promotes the release of IL-33 through the HMGB1/RAGE/IL-33 axis. Glycyrrhizic acid has been shown to inhibit HMGB1-mediated IL-33 release and attenuate lung injury (186). Genetic engineering approaches also hold promise for ARDS treatment. The ST2/T1 gene in human mesenchymal stem cells (hASC) can be selectively spliced using two different promoters to produce two major products: ST2L and sST2. ST2L is a functional component of IL-33 activity induction, while sST2 acts as a decoy receptor for IL-33, inhibiting TLR-4 expression and pro-inflammatory cytokine production by macrophages. Treatment with hASC-sST2 blocks IL-33 binding to ST2, resulting in a protective anti-inflammatory and immunomodulatory effect that reduces pro-inflammatory cellular infiltration and preserves pulmonary vascular barrier integrity (187). This approach offers a potentially effective option for ARDS treatment by inhibiting IL-33 expression and mitigating the inflammatory response.





6 Prospects and the future

In summary, IL-33, a cytokine of the interleukin family, has emerged as a critical player in respiratory type 2 inflammation and is pivotal in the development of asthma, allergic rhinitis, and various other respiratory diseases. This review has illuminated the pathways through which IL-33 contributes to respiratory disease development and has explored the mechanisms and feasibility of drugs targeting IL-33.IL-33 activates the ST2 receptor, initiating a cascade of inflammatory responses that drive the progression and aggravation of respiratory diseases. Therapeutic strategies targeting IL-33 involve blocking IL-33 binding to its receptor, suppressing IL-33 expression, and interrupting IL-33 signaling pathways. Certain drugs, such as monoclonal antibodies and small molecule inhibitors, have demonstrated promising therapeutic effects against IL-33. Looking ahead, further research into the role of IL-33 in respiratory diseases and the clinical application of IL-33-targeted therapies will be crucial. By deepening our understanding of IL-33 regulatory mechanisms, we can develop more effective and personalized treatment approaches, ultimately providing better therapeutic options and improving quality of life for patients with respiratory diseases.

We should recognize that there are currently many shortcomings in targeting the mechanism of action between IL-33 and type 2 inflammation-associated respiratory diseases. For example, the pathways of action have not yet been fully unraveled, as well as insufficient output in translational medicine research.

As an emerging research focus, understanding the role of IL-33 is crucial for gaining deeper insights into respiratory type 2 inflammation-related diseases. However, several challenges remain that require further investigation. Firstly, the mechanism of type 2 inflammation is intricate, and IL-33 represents just one component of this complex process. Exploring interactions with other inflammatory factors and assessing the comparative value of targeting these factors alongside IL-33 warrants future exploration. Secondly, identifying additional pathways influencing IL-33 and disease development requires comprehensive study and validation. To advance the translation of basic research findings, future studies can focus on several key aspects:

Biological Models and Biomarkers: Develop biological models to predict disease prognosis and progression by measuring IL-33 levels in serum or alveolar lavage fluid. Evaluate IL-33 as a potential biomarker for disease diagnosis and severity grading to enhance clinical guidance.

Clinical Trials: Conduct extensive clinical trials on drugs known to affect IL-33 production, release, and downstream pathways. Assess safety, human tolerance, drug distribution, and metabolism to inform treatment protocols and guidelines.

Precision Medicine: Employ personalized medicine approaches by analyzing IL-33 data from individual patients to identify suitable anti-IL-33 drugs, facilitating precision medicine initiatives.

Exploration of IL-33 in Other Diseases: Expand research on IL-33 involvement in type 2-related respiratory diseases like ARDS and pulmonary fibrosis. Investigate IL-33 production, pathways, drug efficacy, safety, and overall patient benefits to improve survival and quality of life.

In conclusion, IL-33 is intricately linked to various respiratory type 2 inflammatory diseases, and further investigation into IL-33 and related pathways holds promise for identifying novel strategies to prevent and manage type 2 inflammation.

Future studies should prioritize investigating undiscovered pathways of IL-33 production and action, assessing drug efficacy and safety, and exploring patient benefits to advance our understanding and clinical management of respiratory diseases associated with type 2 inflammation Table 1.

Table 1 | Relevant drugs and their action mechanisms and effects.


[image: A detailed table presents research on various diseases like asthma, allergic rhinitis, chronic obstructive pulmonary disease, acute respiratory distress syndrome, and pulmonary fibrosis. It lists references, medicines, targets or pathways, main models or experiments, and mechanisms or clinical roles. Each row includes specific studies detailing treatments, their targets, and outcomes in experimental models, highlighting compounds like Vitamin B6, Wobuxine, or Itepekimab impacting pathways such as IL-33/ST2 or NF-kB. The table serves as a comprehensive resource for understanding recent therapeutic interventions and their underlying mechanisms in respiratory diseases.]
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Lung disease development involves multiple cellular processes, including inflammation, cell death, and proliferation. Research increasingly indicates that autophagy and its regulatory proteins can influence inflammation, programmed cell death, cell proliferation, and innate immune responses. Autophagy plays a vital role in the maintenance of homeostasis and the adaptation of eukaryotic cells to stress by enabling the chelation, transport, and degradation of subcellular components, including proteins and organelles. This process is essential for sustaining cellular balance and ensuring the health of the mitochondrial population. Recent studies have begun to explore the connection between autophagy and the development of different lung diseases. This article reviews the latest findings on the molecular regulatory mechanisms of autophagy in lung diseases, with an emphasis on potential targeted therapies for autophagy.
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Introduction

Pulmonary diseases, especially chronic pulmonary diseases, including chronic obstructive pulmonary disease (COPD), pulmonary tuberculosis (PTB), and lung cancer, pose significant threats to human health. Despite notable advancements in research globally in recent years, effective and precise treatments are still insufficient, leaving many lung diseases without a cure.

Autophagy is a common phenomenon in eukaryotic cells that fuses with lysosomes and hydrolyzes intramembrane components by encasing damaged or functionally degenerated organelles and certain proteins and certain macromolecules. Autophagy was first identified in the 1850s and named in 1963 by de Duve et al (1). Recent research has indicated that autophagy is important for maintaining cellular survival and homeostasis (2–4). Through the processing of metabolic precursors from cytoplasmic substrates, this process maintains homeostasis in healthy respiratory cells and ensures survival in conditions of nutrient scarcity (5). In nutrient deficiency, cells acquire nutrients through autophagy; damaged or senescent organelles can be removed by autophagy when cells are damaged or senescent; and these microorganisms or toxins can be cleared by autophagy when cells are infected by microorganisms or invaded by toxins. Eukaryotes have well-preserved degradation and recycling processes critical to maintaining cellular homeostasis and coping with stress. To some extent, autophagy is an effective mechanism to protect cells.

Autophagy is intricately associated with the clearance of organelles and, more significantly, plays a crucial part in the development and progression of various diseases. The relationship between autophagy and disease pathogenesis has not been fully confirmed. Nonetheless, a growing body of evidence indicates that autophagy may play a significant role in various human diseases (2, 6), including inflammatory diseases (7–9), cardiovascular diseases (10, 11), neurodegenerative diseases (12), and cancer (13) (Figure 1). Alterations in autophagic activities may also result from variations in the activation of proteins that regulate autophagy (2, 14). Until now, only limited studies have investigated the role of autophagy in lung disease Figure 2.
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Figure 1 | Autophagy is involved in the development and progression of multiple diseases.

[image: Diagram depicting three types of autophagy: macroautophagy, microautophagy, and molecular-mediated autophagy. Macroautophagy shows steps from initiation to degradation, involving the fusion of autophagosomes with lysosomes. Microautophagy involves direct lysosomal engulfment of cargo. Molecular-mediated autophagy illustrates the transport of specific protein fragments into the lysosome with involvement of LAMP-2A and lysosomal hydrolase. Each process includes various stages of maturation and degradation.]
Figure 2 | Phases and Classification of Autophagy. According to the different ways of transporting substrates to lysosomes, autophagy can be divided into three main ways: macroautophagy, microautophagy and CMA. Macroautophagy: It starts as autophagy-related substances accumulate around misfolded and aggregated proteins, pathogens, non-essential amino acids, etc. to form a barrier membrane. Dysfunctional organelles as well as proteins are surrounded by an isolation membrane and gradually form a bilayer membrane structure, called autophagosomes. The outer membrane of autophagosomes then fuses with lysosomes, and internal material is degraded in autolysosomes. Microautophagy: The process by which membranes of lysosomes encapsulate cargo by direct protrusion or invagination and are degraded in lysosomes. CMA: Substrate proteins containing the KFERQ-like pentapeptide sequence are first recognized by HSC70, then bind to LAMP-2A on the lysosomal membrane and enter the lysosome and eventually are degraded. CMA, Chaperone-mediated autophagy; HSC70, Heat shock cognate protein 70; LAMP-2A, Lysosomal membrane-associated protein 2A.

This review highlights the most recent developments in the molecular control and the role of autophagy in lung diseases. Additionally, we explore how autophagy-related proteins and regulatory processes may contribute to either the protection against or the advancement of human lung diseases, offering new insights for targeted treatment options.





Phases and classification of autophagy

Autophagy is essential for the process of protein degradation with relatively short half-lives. Morphologically, a significant quantity of dissociative membranous structures appears in the cytoplasm of cells that are about to undergo autophagy, which are called proautophagosomes. The proautophagosome gradually develops into a vacuole with a double membrane structure, which is surrounded by degraded organelles and some cytoplasm (2, 15). This double membrane structure is referred to as the autophagosome (2). Next, after autophagosomes fuse with lysosomes, the inner membranes and their encapsulated substances enter the lysosome and undergo hydrolysis by lysosome enzymes. The lysosomes found in this phagocyte are called autolysosomes. This process leads to the retrieval of soluble cytoplasmic proteins, mitochondria, peroxides, Golgi complexes, and portions of the endoplasmic reticulum, while some digested fragments are released into the cytoplasm for biosynthesis (3, 5, 16).

According to the different ways of transporting substrates to lysosomes, autophagy can be divided into three main ways: macroautophagy, microautophagy, and chaperone-mediated autophagy (CMA) (17). Macroautophagy is the most common autophagy in eukaryotic cells by forming a double-layer membrane around misfolded and aggregated protein pathogens, and non-essential amino acids, and fusing with lysosomes for degradation. Many stresses, such as nutritional deficiency, infection, oxidative stress, and toxic stimulation, can stimulate the occurrence of macroautophagy, which is generally referred to as autophagy. Different from macroautophagy, there is no formation process of autophagy membrane in microautophagy. A characteristic aspect is that the lysosome membrane is straight taken in by lysosomes and late endosomes via membrane protrusion and invagination, and it is then broken down within the endolysosomal lumen. During the dependent multivesicular body (MVB) formation, a significant quantity of cytoplasmic proteins is selectively integrated into the lumens of endosomes in substantial amounts (18). CMA represents a highly selective mechanism of autophagy with two core members: the heat shock cognate protein 70 (HSC70) and the lysosomal membrane-associated protein 2A(LAMP-2A). HSC70 is a molecular chaperone protein. The process of CMA degrades proteins that contain KFERQ pentapeptide fragments in the peptide chain. First, the heat shock protein HSC70 specifically recognizes and binds to proteins containing KFERQ five-peptide fragments, and transports the target protein into the lysosome for degradation through interaction with LAMP2A (17). Macroautophagy is considered to be the predominant form of autophagy compared to microautophagy and molecular-mediated autophagy, and this has also been the subject of extensive research. Therefore, what we usually call “autophagy” is macroautophage.

In addition, autophagy can be classified into selective autophagy, aggregative autophagy, and xenophagy, etc. Recent research has demonstrated that several denatured proteins, organelles, and certain bacteria can be selectively destroyed by autophagy. This process is called “selective autophagy”, the most representative of which is mitophagy (17, 19, 20). Mitophagy is a specific degradation targeting depolarized mitochondria (21). Xenophagy involves the digestion of extracellular components containing pathogens or bacteria that invade the body (22).





Molecular involvement in autophagy and molecular regulation

The process of autophagy is modulated and governed by various relative proteins. In mammalian cells, starvation-induced autophagy is regulated by approximately 20 core Atg genes (23). These gene products are persistently incorporated into vacuoles and assembled to construct pre-autophagosomes. In addition, the modification of microtubule-associated protein-1 light chain 3 (LC3) is an important step in forming autophagic vacuole. In autophagosomes, LC3 and its homologues act on autophagic substrates or proteins to facilitate the selection of autophagic cargoes (24).

The elongation stage of autophagosome formation relies on two ubiquitin-like conjugation systems (Figure 3), (2, 3). Besides the proteins mentioned in Figure 3, the maturation and fusion of autophagosomes also depend on various other proteins, such as small GTPases (like Rab7), class C Vps proteins, ultraviolet radioresistance-associated gene protein (UVRAG), and lysosome-associated membrane proteins (for instance, LAMP-2A) (25, 26). In recent years, additional proteins associated with autophagy have been progressively identified alongside the aforementioned proteins. In a complicated regulatory network, these proteins regulate the initiation and execution of autophagy (2, 27). We will describe this in detail in the following paragraphs (Figure 3).
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Figure 3 | Signaling pathways for autophagy. The process of autophagy is regulated by many signaling pathways (as shown), and there is also complex crosstalk between various pathways. Two ubiquitin-like conjugation systems involved in the formation of autophagosome: In the first system, the ubiquitin-like protein Atg12 is enzymatically coupled to Atg5 by Atg7 (E1 ubiquitin-activating enzyme-like) and Atg10 (E2 ubiquitin-conjugating enzyme-like) to produce the Atg5-Atg12 complex. The Atg5-Atg12 complex interacts with Atg16L1 to form a complex that plays a role in the formation of autophagic membranes. As part of the maturation process, these factors are separated from autophagosomes. The second coupling system requires the ubiquitin-like protein LC3. LC3 and its homologues, including the isozymes of LC3 and associated proteins (e.g., GABARAP), are modified by cellular lipid PE. An important regulatory step in the formation of autophagosomes is the transformation of LC3-I (free form) to LC3-II (PE conjugated form). The precursor form of LC3 is cleaved by the protease ATG4B to yield LC3- I (not shown). ATG7 and ATG3 participate in conjugating PE with LC3-I to LC3-II. LC3-II cytoplasmic redistribution, characterized by punctate LC3 staining, is indicative of autophagosome formation. GABARAP, (GABA type A receptor-associated protein); LC3, (Microtubule-associated protein 1 light chain 3; PE, (Phosphatidylethanolamine).





Mammalian target of rapamycin signaling pathway

Many studies have demonstrated that mTOR negatively regulates autophagy in nutrient-rich environments (28). mTOR is an atypical serine/threonine protein kinase that is evolutionarily relatively conserved. Cell cycle regulation, proliferation, differentiation, motility, and invasion are among its physiological functions. Two unique complexes, mTORC1 and mTORC2, exist within the cell and are distinguished by distinct components. mTORC1 and mTORC2 are two signaling complexes that play a major role in the mTOR pathway. Ribosomal protein S6 kinase (S6K) and kinase B (AKT) are key enzymes in the interaction between mTORC1 and mTORC2. S6K is activated by mTORC1, which subsequently activates mTORC2. Conversely, mTORC2 facilitates the phosphorylation of AKT, leading to the activation of mTORC1. mTORC1 is responsive to energy levels and stress, and it is significantly inhibited by rapamycin. A substantial body of research has indicated that mTORC1 exerts an inhibitory influence on the process of autophagy (29, 30). Unlike mTORC1, mTORC2 is not susceptible to both rapamycin and nutrients because of the presence of Rictor (31). However, long-term rapamycin treatment ultimately inhibits mTORC2 activity (32). mTOR is a key molecule during autophagy induction. Many signaling pathways have the capacity to either promote or inhibit the process of autophagy through their interactions with mTOR (Figure 3). Nonetheless, the enhancement or suppression of autophagy by these pathways is not definitive. In some specific cases, the opposite effect may also be exerted. We will describe it further in the following sections.

mTOR is integral to numerous physiological functions, such as cell proliferation, survival, and autophagy, which is intricately linked to various lung diseases through its regulatory effects on cell growth, inflammation, and fibrosis. We will describe it in the following sections. The mTOR signaling pathway plays a critical role in the development and maintenance of lung function. It regulates the growth and differentiation of lung epithelial cells and fibroblasts to maintain normal lung function. Moreover, mTOR signaling is involved in the immune response to pulmonary pathogens, which regulates the activation of immune cells and the inflammatory response. Given its central role in lung diseases, mTOR signaling has become a target for therapeutic intervention.





The phosphoinositide-3-kinase protein/kinase B signaling pathway

PI3K/AKT was discovered in the 1980s and plays an important role in major physiological activities of cells (33). PI3K-AKT signaling mainly involves two metabolites, phosphatidylinositol-4,5-bisphosphate (PIP2) and phosphatidylinositol-3,4,5-bisphosphate (PIP3), and two coding genes, lipid phosphatase (PTEN) and 3-phosphoinositide-dependent protein kinase-1 (PDK1). PIP2 is converted to PIP3 by phosphorylation in response to PI3K. Next, PIP3 on autophagosome membranes recruits ATG18 and binds to bilayer membranes, allowing autophagosomes to extend and complete (34). PDK1 is a key regulatory molecule of the PI3K-AKT signal transduction pathway and plays an important part in the activation of AKT (35–37). In addition, mTORC2 can directly activate AKT by phosphorylating Ser-473 (36). PTEN is an important negative regulator of PIP2 conversion to PIP3. PTEN acts to promote dephosphorylation of PIP3 thereby inhibiting its accumulation in cells (38). Once activated, AKT acts on various cytoplasmic proteins to mediate cell growth and survival. The main downstream effector is mTOR. Furthermore, AKT influences the interaction between phosphorylated tuberous sclerosis complex 1 (TSC1) and phosphorylated tuberous sclerosis complex 2 (TSC2), consequently facilitating the activation of mTORC1 via the H-Ras-like GTPase (Rheb) (39). Subsequently, active mTORC1 inhibits autophagy by blocking the uncoordinated 51-like protein kinase (ULK1) (40).

The PI3K/AKT signaling has a tight relationship in regulating cell growth, survival, and metabolism. This pathway is involved in numerous cellular processes and has significant implications for various lung diseases. In certain pathological conditions, the PI3K/AKT signaling pathway is frequently activated in reaction to inflammatory stimuli and oxidative stress, which results in airway remodeling and contributes to the pathophysiology of the disease, including mucus hypersecretion and smooth muscle cell proliferation, therefore enhancing the survival of inflammatory cells in the lungs. The PI3K/AKT pathway presents multiple potential therapeutic targets for treating lung diseases. Inhibitors of PI3K, AKT, or associated pathways are currently undergoing investigation to reduce inflammation, fibrosis, and tumor growth in lung diseases.





RAS/RAF/MEK/ERK signaling pathway

As a significant signaling pathway of mitogen-activated protein kinase (MAPK), RAS/RAF/MEK/ERK is involved in regulating cell proliferation, differentiation, apoptosis, and numerous signaling pathways (41, 42). RAS is a small GTPase that is activated by several factors, including receptor tyrosine kinases, growth factors, heterotrimeric G proteins, integrins, serpentine receptors, and cytokine receptors. Furthermore, oxidative stress activates the RAS/RAF/MEK/ERK signaling pathway. Notably, certain growth receptors are not required for ROS-induced RAS activation (43). In addition, ROS can uncouple MAPK pathway activity from RAS expression (44). Activated RAS further recruits RAF (MAPKKK) to the plasma membrane for activation. Following this, RAF activates and phosphorylates MEK (MAPKK), followed by ERK (MAPK). As ERK is activated, it translocates to the nucleus and triggers transcription and expression of target genes (45, 46). The expression products of these genes regulate various physiological functions of cells, including the regulation of autophagy (45, 46). PI3K and TSC2 are regulated by the RAS/RAF/MEK/ERK pathway, thereby activating mTORC1 activity. In addition, the activated RAS/RAF/MEK/ERK signaling pathway up-regulates LC3, Beclin1, and Noxa, and directly down-regulates p62 to induce autophagy (47, 48). Following induction by lindane, the formation of autophagosomes within cells is closely linked to the prolonged activation of ERK (49). Notably, this phenomenon occurs independently of both mTOR and p38 (49). These seemingly contradictory findings indicate that specific environmental conditions may directly influence the regulation of autophagy via the RAS/RAF/MEK/ERK signaling pathway.

Dysregulation of this pathway has been implicated in various diseases, including lung cancer. Mutations in genes encoding components of this pathway, such as KRAS, BRAF, and MEK, are commonly found in lung cancer patients. Mutations in BRAF and MEK are also observed in a subset of lung cancer patients. Furthermore, aberrant activation of the RAS/RAF/MEK/ERK pathway has been linked to other lung diseases, such as pulmonary fibrosis and COPD. In these conditions, dysregulated signaling through this pathway can lead to inflammation, tissue remodeling, and fibrosis in the lungs.





Adenosine 5’monophosphate-activated protein kinase signaling pathway

AMPK is recognized as one of the primary substrates of LKB1 (liver kinase B1), which functions as an intrinsic energy sensor and regulator of cellular homeostasis (50, 51). AMPK is a heterotrimeric serine/threonine kinase that consists of a catalytic αsubunit and two regulatory subunits, which are β and γ. The activation of AMPK occurs in reaction to elevated levels of intracellular AMP and reduced levels of ATP, particularly during conditions of nutrients. LKB1 implements the involvement of this process by phosphorylating the α-activating loop (52). The activation of AMPK affects multiple processes, including mTOR pathway regulation and p53 phosphorylation (53). Further, AMPK is capable of directly phosphorylating Raptor or TSC2. Next, TSC2 signals to inhibit mTOC1 activity (44, 45, 54). In this pathway, AMPK negatively regulates mTORC1 by adenosine 5’ -monophosphate levels, thereby positively regulating autophagy upon energy depletion (55). Research indicates that AMPK exerts direct regulation over ULK1 in a manner that is sensitive to nutrient availability, thereby contributing to the intricate nature of regulatory mechanisms, as elaborated upon in the subsequent sections (56–58).

AMPK is a dominant y regulator of cellular energy metabolism and plays a crucial role in maintaining cellular homeostasis. Within the realm of pulmonary disorders, AMPK signaling has been demonstrated to exhibit both preventive and pathogenic effects. In several lung diseases, including COPD, asthma, and pulmonary fibrosis, dysregulation of AMPK signaling has been implicated. However, the relationship between AMPK signaling and lung disease is complex and disease-specific. Additional investigation is necessary to elucidate the specific mechanisms by which AMPK influences lung function, as well as to assess the feasibility of marking this pathway for therapeutic strategies.





Uncoordinated-51-like protein kinase signaling pathway

ULK1 is a master regulator of autophagy initiation among mTORC1 downstream regulatory targets (59). Among the components of autophagy, ATG1, ATG13, and ATG17 are critical regulators of autophagy initiation (44, 60–62). In mammals, ULK1 and ULK2 are homologues of ATG1, and mATG13 and 200 kDa adhesion kinase family interacting protein (FIP200) are homologues of ATG13 and ATG17, respectively (59, 63–66). The importance of ULK1 in the autophagy pathway is reflected in its involvement in forming mTOR substrate complexes (60, 66, 67). mTORC1 has been reported to inhibit its pre-autophagic effect by phosphorylating ULK1 under normal and nutrient-rich conditions (68). mTORC1 is also able to directly phosphorylate and inhibit ATG13, one of the activators of ULK1. ULK1 can activate autophagy by phosphorylating Beclin-1 indirectly involved in the formation of VPS34-Beclin-1-ATG14 (29, 69, 70). In addition, AMPK can directly interact with ULK1 to regulate ULK1 in a nutrient-sensitive manner. Activating ULK1 by phosphorylating Ser 317/Ser 777, AMPK acts by triggering autophagy in response to glucose and amino acid starvation (58). Interestingly, mTORC1 blocks the cellular collection between ULK1 and AMPK by phosphorylating Ser 757. Consequently, it can be inferred that ULK1 equips cells with the capacity to effectively respond to intricate environmental alterations in conjunction with mTORC1 and AMPK.

Recent studies denote that ULK1 signaling may be implicated in the development of several pulmonary disorders. In conditions like IPF, COPD, and lung cancer, dysregulation of autophagy, including ULK1 signaling, has been implicated in disease progression. Investigating the function of ULK1 signaling in lung diseases may facilitate the creation of targeted therapies designed to regulate autophagy and improve outcomes for patients with these conditions.





Type III phosphatidylinositol triphosphate kinase signaling pathway

Autophagosome formation is closely dependent on class III PI3K complexes. Activated class III PI3K complexes lead to increased PI3P formation, and PI3P-recruiting protein factors initiate autophagosome formation, including WD repeat protein interacting with inosine phosphate (WIPI-1/2), Atg18, and protein 1 containing double FYVE (DFCP1) (71, 72). Class III PI3K complexes exist in two distinct types in mammalian cells, where complexes consisting of VPS34L, p150, Beclin1, and ATG14L are closely associated with autophagy. We refer here to this complex collectively as the class III PI3K complex. Beclin 1 serves as a significant regulator of autophagy. It is also defined as a tumor suppressor protein, exhibiting the capacity to engage with a wide variety of proteins, including ATG14L, ultraviolet resistance-associated gene protein (UVRAG), Rubicon, and Bcl-2 (73–76). Three domains play important roles in Beclin1 function, including the Bcl-2 homology 3 (BH3) domain and the central coiled-coil domain (CCD) that mediates interactions with ATG14L and UVRAG (77–80). In addition, the active ULK1 results in the recruitment of class III PI3K complexes to autophagosomes, forming alternating Beclin 1-Vps34L complexes with UVRAG and promoting autophagy (75, 81–83). Evolutionarily conserved domain (ECD) mediates communication between Beclin 1 and VPS34, which in turn activates VPS34 kinase to regulate autophagosome formation. Furthermore, class III PI3K complexes can negatively regulate autophagy in response to the newly identified factor Rubicon (84, 85). Ambra-1, Bif-1, Bcl-2, and Bcl-XL can also act on class III PI3K complexes to modulate their activity (76, 86, 87).

In the context of lung disease, dysregulation of Class III PI3K signaling has been implicated in various respiratory conditions. In diseases like IPF, COPD, and lung cancer, altered Class III PI3K signaling has been associated with disease pathogenesis and progression. Understanding the role of Class III PI3K signaling in lung diseases is important for identifying potential therapeutic targets and developing targeted interventions to modulate this pathway for the treatment of respiratory disorders.





Wild-type p53 signaling pathway

p53 functions as a tumor suppressor protein and serves as a transcription factor that regulates gene networks in response to various cellular stresses, thereby maintaining genome stability and integrity. However, p53 not only prevents tumorigenesis but also plays a critical regulatory part in primary signaling and metabolic adaptation (88, 89). The effect of wild-type p53 on autophagy is complex, highly dependent on the environment, and determined by the cellular microenvironment and stressful conditions. The progression of the cell cycle and the subcellular localization of p53 serve dual functions in the regulation of autophagy. The dual effect of wild-type p53 on autophagy is reflected in its transcriptional activity against a range of downstream target genes with autophagic regulatory effects. The dual role of p53 in autophagy is presented in Table 1.

Table 1 | The dual effects of wild-type p53 on autophagy.
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p53 signaling plays a significant role in the development and progression of various lung diseases. Mutations in the p53 gene can disrupt its tumor-suppressor function, leading to uncontrolled cell growth, evasion of cell death, and genomic instability, all of which are hallmarks of cancer. Dysregulated p53 signaling has been linked to a poorer prognosis in lung cancer patients and resistance to certain anticancer therapies. Dysregulation of p53 contributes to abnormal repair processes in the lung tissue, leading to excessive collagen deposition, fibrosis, and impaired lung function. Moreover, activation of p53 can promote cell cycle arrest, DNA repair, or apoptosis, depending on the extent of damage while disruption of p53 function may impair the lung’s ability to repair and regenerate, exacerbating lung injury and contributing to disease progression.





Function of autophagy

Autophagy serves as a mechanism for maintaining a stable pool of organelles by regenerating metabolic precursors and eliminating subcellular debris in response to diverse environmental stressors. In the presence of such stress, autophagy initiates cellular defense mechanisms by facilitating the removal of damaged organelles and ubiquitinated protein aggregates (90, 91). Under specific conditions of glucose or amino acid starvation, autophagy is compensatory to participate in the basic metabolic cycle of cells by acting on intracellular proteins, lipids, and other organic macromolecules (5). Specifically, autophagy plays a very important role in apoptosis, inflammation, and immunity. We will describe this in detail below.





Autophagy in apoptosis

Cells can undergo apoptosis in response to intracellular signaling, extracellular signaling, and endoplasmic reticulum (ER) stress (Figure 4). Cysteine protease (caspase) induction and activation play a critical role in apoptosis. Endogenous apoptosis is also known as the mitochondrial pathway due to a mechanism closely related to the permeability of the mitochondrial membrane. This process is also strongly associated with the Bcl-2 protein family. Bcl-2, Bcl-XL, and Mcl-1 are negative regulators of apoptosis and protect cells from apoptosis when multiple types of cells are stimulated. Bax and Bak can undergo apoptosis by penetrating the mitochondrial membrane, releasing cytochrome c, and subsequently activating caspases. However, the exact mechanism by which these proteins promote apoptosis is unknown. Exogenous apoptosis requires the formation of a critical complex, the death-inducing signaling complex (DISC). Death receptors, including Fas, TNFR1, and TRAIL, are located on the cell surface and mediate apoptosis when activated. The production of DISC is initiated by the binding of death receptors to their corresponding ligands. When Fas binds to its ligand, activated Fas forms a DISC by binding connexin to the death domain (FADD). DISC then binds recruited pro-caspase 8 by interacting with another motif called the death effector domain (DED). Next, Pro-caspase 8 dimerizes and gains catalytic activity after degrading downstream substrates, producing and releasing heterotetrameric active caspase 8. Eventually, cells undergo extrinsic apoptosis. The ER stress pathway involves the buildup of incorrectly folded or unfolded proteins within the ER, which can arise from various factors such as infection, hypoxia, starvation, chemical influences, and deviations from homeostatic regulation of ER secretory functions. This accumulation leads to ER stress-induced apoptosis and triggers the unfolded protein response (UPR) pathway in response to the misfolding of proteins within the ER.
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Figure 4 | Autophagy and apoptosis. In endogenous apoptosis, the interaction of autophagic proteins with apoptotic proteins regulates this process. Bcl-2 family members, including Bcl-2 and Bcl-XL, can directly interact with Beclin 1 by binding to the BH3 domain. The JNK pathway promotes autophagy by preventing the association between Beclin 1 and Bcl-2 family proteins. AMPK also dissociates the Bcl-2-Beclin1 complex and promotes Beclin1-PI3K complex formation. Apoptosis signaling pathways may be affected by various autophagic proteins such as Atg5. Proteolytic fragments of Atg5 are able to promote apoptosis by inhibiting Bcl-XL. In extrinsic apoptosis, key components of DISC regulate autophagy during this process. Apoptosis and autophagy are affected by mutations in FADD, which create DD. The mutant (FADD-DD) was recruited to DISC in the absence of DED. By interacting with caspase 8 precursor and c-FLIP, this domain prevents the development of death receptor-induced apoptosis, while it can lead to excessive autophagy in epithelial cells and T cells. Atg5 can form a complex with FADD to affect the apoptosis process. AMPK, (Adenosine 5’-monophosphate-activated protein kinase); Bcl-2, (B-cell lymphoma-2); BH3, (Bcl-2 homolog3r); Caspase, (Cysteine protease); c-FLIP, (Cellular FADD-like IL-1β-converting enzyme-inhibitory protein); DD, (Death domain); DED, (Death effector domain); DISC, (Death-inducing signaling complex); JNK, (c-Jun-NH2-terminal kinase).

Recent research has indicated a strong connection between autophagy and apoptosis (92, 93). According to different experimental models, autophagy is associated with anti-apoptotic and pro-apoptotic effects (94). Several signaling mechanisms interact between apoptosis and autophagy. Autophagy proteins are involved in the regulation of apoptosis, while apoptotic proteins also influence the process of autophagy (95). Bcl-2 family members Bcl-2 and Bcl-XL, can directly interact with Beclin 1 by binding to the BH3 domain in the intrinsic apoptotic pathway (96, 97). Further studies showed that the anti-autophagic function of Bcl-2 mainly occurs in the ER and stabilizes Beclin-1 interaction with Bcl-2 through its 2Fe-2S cluster binding to Bcl-2. The c-Jun-NH2-terminal kinase (JNK) pathway is closely linked to apoptosis signaling. The JNK pathway can regulate the function of autophagy by affecting several key proteins (98). The JNK pathway promotes autophagy by preventing the association between Beclin 1 and Bcl-2 family proteins (99). In addition, AMPK can dissociate the Bcl-2-Beclin1 complex and promote the formation of the Beclin1-PI3K complex (100). Notably, mTOR is key in linking apoptosis and autophagy. It has been shown that loss of Raptor activates caspase 3, leading to mitochondrial abnormalities, which positively regulate apoptosis and autophagy (101).

Additionally, there is a complex link between the extrinsic apoptotic pathway and autophagy. Critical components of DISC regulate autophagy in this process. Excess autophagy occurs in fibroblasts, macrophages, and T cells when caspase 8 is inhibited or deficient (102, 103). DED is a protein interaction domain that can be found in pro-caspases and proteins in the apoptotic cascade that regulate caspase activation. Apoptosis and autophagy are also affected by FADD mutations, which produce abnormal death domains (DD). Mutants (FADD-DD) were recruited to DISC without DED. By interacting with pro-caspase 8 and cellular FADD-like IL-1β converting enzyme inhibitor protein (c-FLIP), this domain prevented the development of death receptor-induced apoptosis. Besides, it can cause excessive autophagy in epithelial cells and T cells (102, 104). Exogenous apoptotic signaling pathways can be affected by several autophagic proteins such as Atg5 (105). The knockdown of Atg5 exerts different effects on cell survival under different study conditions (106). Typically, proteolytic fragments of Atg5 can promote apoptosis by inhibiting Bcl-XL (107).





Autophagy in inflammation and immunity

The autophagy process influences immune and inflammatory responses in many diseases (Figure 5) (7). There is a complex interrelationship among autophagy, immunity, and inflammation. Autophagic proteins play a role in inducing and suppressing immune and inflammatory responses. Similarly, immune and inflammatory signals play a role in inducing and inhibiting autophagy. Autophagy provides new insights into the prevention and treatment of infectious, autoimmune, and inflammatory diseases by balancing the benefits and drawbacks of immune and inflammatory responses.
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Figure 5 | Autophagy in inflammation and immunity. Autophagy proteins play a role in inducing and suppressing immune and inflammatory responses, and immune and inflammatory signals play a role in inducing and inhibiting autophagy. Autophagic proteins play an important role in adaptive immunity, mainly including maintaining the normal number and function of immune-related cells such as B1a B cells, CD4+ T cells, and CD8+ T cells. Autophagy also plays a role in innate immunity when pathogens such as bacteria and viruses invade the human body. However, some pathogens are able to achieve their own survival by inhibiting, evading or even utilizing the autophagic process. Autophagy pathways and associated proteins also play crucial roles in regulating inflammatory responses. Increased transcription of pro-inflammatory cytokines and adipokines has been observed in mouse Paneth cells (Atg16L1HM), which contribute to the development of inflammation. Inflammasomes are important substances in the development of inflammation, and inflammasomes activated by various factors mediate the degradation and activation of caspase-1 and ultimately promote the synthesis and secretion of inflammatory factors (IL-1β and IL-18). Autophagy also removes cell debris generated by apoptosis, which in turn inhibits tissue inflammation.

Autophagy regulates various immune responses during infection. In many experiments, we have found that mutations in autophagy genes increase susceptibility to certain diseases (108–112). Studies performed on human genetics have revealed important clues regarding xenophagy, autophagic proteins that affect pathogen replication or survival, and the general immune system. Numerous studies have demonstrated the significance of autophagy in the human cellular defense mechanisms against mycobacterial infections (113). Autophagy genes play a significant role in regulating host genes for Mycobacterium tuberculosis (Mtb) replication (114). Autophagy may be a crucial component of TB drug resistance. At the same time, to survive in vivo, some viruses and bacteria have evolved different methods of adaptation to autophagy. They can prevent the occurrence of autophagy by inhibiting the foremost steps of autophagy or/and the production of autophagosomes, avoid protein modification or interfere with the recognition of autophagy by autophagy signaling, and even promote self-replication and survival using autophagy-related proteins. For example, human immunodeficiency virus (HIV), Kaposi’s sarcoma-associated herpes virus inhibits antiviral capacity and immune properties in vivo by affecting key pathways of autophagy. HIV envelope proteins activate mTOR signaling and prevent HIV transfer to CD4 + T cells. Kaposi’s sarcoma-associated herpesvirus prevents LC3-II production by interacting with Atg3 (115). Bacteria also have multiple strategies to avoid degradation. By disguising themselves, several bacteria can evade autophagic recognition in the cytoplasm. For example, VirG is a protein present on the bacterial surface and is necessary for Shigella to be targeted by autophagosomes. Atg5 can prevent its interaction with VirG by competitively binding to IcsB, an effector of Shigella (116). Several cytoskeletal proteins of cells are ActA-dependent (117). This feature allows bacteria to masquerade as their host organelle (117). Listeria protein ActA interacts with the intracytoplasmic actin polymerization machinery, thereby blocking binding to ubiquitin, recruitment of p62, and autophagy targeting (117). Several pathogens are also able to benefit themselves using components of autophagy in membrane trafficking, including poliovirus, rotavirus, coronavirus, dengue virus, and hepatitis B and C viruses (113, 118).

Autophagy is also regulated by immune signaling molecules, including innate and adaptive immunity. Although the regulatory mechanism of autophagy by most immune-related signaling molecules is currently unknown, some findings provide clues. NOD1 and NOD2, two typical NLRs (NOD-like receptor cryopyrin protein), can be activated by specific components of bacterial peptidoglycan. In response to bacterial infection, activated NOD1 and NOD2 interact with ATG16L1 to induce autophagy (119). NOD2 mutations associated with Crohn’s disease have been found to influence ATG16L1 recruitment and bacterial co-localization with LC3 (119). Presumably, in innate immunity, the ATG5-ATG12-ATG16L1 complex interacts with members of the ATG8 family and may stimulate pathogen-induced autophagy or enhance the ability of selective autophagy to target pathogens (120). Various cytokines, including but not limited to CLCF1, LIF, IGF1, FGF2, and the chemokine SDF1 (also called CXCL12) may have a broader role in controlling autophagy (121). Autophagy also plays a crucial role in adaptive immunity. Multiple regulatory pathways of autophagy possess the capacity to affect both the functionality and stability of the immune system, in addition to influencing antigen presentation. B1a B cells, CD4 + T cells, CD8 + T cells, and fetal hematopoietic stem cells rely on autophagic proteins to maintain their numbers (122–124). Thymic clearance of autoreactive T cells is an important function of autophagy in immune system development and homeostasis (123). Epithelial cells of the thymus are highly autophagic. Mutations in Atg5 in thymic epithelial cells result in altered autoimmunity and specific immunity of certain MHC class II-restricted T cells (125). In addition, autophagy may play an important role in the differentiation of lymphocytes by indirectly affecting the expression of cytokines. During antigen presentation, autophagy proteins present endogenous antigen MHC class II to CD4 + T cells, enhance cross-presentation of antigen-providing cells with CD8 + T cells, and facilitate cross-presentation of phagocytosed antigens by dendritic cells to CD4 + T cells (126–128). Autophagy also contributes to memory B cell maintenance and regulates immunoglobulin secretion (129–131).

Recent findings have shown that autophagy is closely associated with the development of certain chronic inflammatory diseases, such as Crohn’s disease, systemic lupus erythematosus (SLE), and other autoimmune diseases (132, 133). In animal models and human diseases, autophagic failure is usually characterized by dysregulation of inflammation (134). Its main role is to regulate inflammatory transcriptional responses. Increased transcription of proinflammatory cytokines and adipokines has been observed in Paneth cells (Atg16L1HM) of Atg16L1 subtype mice (119, 135–137). Inflammasomes are another important target of autophagic proteins in inflammatory signaling. Inflammasomes are multiprotein complexes containing NLR, adaptor protein ASC, and caspase 1. Inflammasomes can be stimulated by infection or other stress-related pathways. Activated inflammasomes mediate the degradation and activation of caspase-1 and ultimately promote synthesis and secretion of IL-1β and IL-18 (138, 139). In addition, activation of the NALP3 inflammasome is increased in Beclin 1 and LC3B gene-deficient monocytes (140, 141). This enhancement ultimately facilitates the activation of IL-1β and IL-18. The autophagic process can also suppress tissue inflammation by removing apoptotic corpses. During developmentally programmed cell death, autophagy induces xenophagic clearance in dying apoptotic cells by generating ATP-dependent phagocytic signals (142). Increasing evidence suggests that autophagic proteins are required for TLRs mediated phagolysosomal pathways (142). To clear inflammatory sources such as exogenous inflammatory sources (e.g., bacterial viruses) and endogenous pro-inflammatory sources (e.g., damaged organelles, aggregates), autophagic cargoes are usually regulated by ubiquitin and are regulated by a type called SLR (sequestrate-like receptor: p62 [SQSTM1], NBR1, OPTN, NDP52, TAX1BP1, etc.) (143).





Methods for measuring autophagic activity

Currently, the most effective methods for analyzing autophagy in vitro and in vivo remain significantly controversial, due to the complexity of the autophagic process. The measurement of autophagic activity can be divided into two categories: counting autophagosomes and measuring autophagic flux.

Currently, three primary methodologies are employed to assess the number of autophagosomes: electron microscopy (144), Western blot (WB) analysis (145), and fluorescent protein labeling techniques (146). Electron microscopy observation of autophagic structures is the most traditional method. Morphological alterations occurring at various stages of autophagy can be directly visualized using a transmission electron microscope, allowing for an initial assessment of the autophagic phase. Electron microscopy showed damaged organelles in cells undergoing autophagy. In the case of mitochondria, vacuolated bilayer membrane-like structures, or vacuolated structures of bilayer membranes, i.e., autophagosomes, can be observed around them (146, 147). LC3 runs through the whole autophagic process and is currently recognized as an autophagic marker. Changes in the LC3-II/I ratio can be detected using WB to assess the intensity of autophagy. In addition, autophagy can be detected using the property of green fluorescent protein (GFP) quenching in acidic environments (146). Based on GFP-LC3, the researchers developed the GFP-RFP-LC3 tool, a method that allows observation of autophagy in individual cells. Keima is a unique fluorescent protein that is independent of LC3 and suitable for monitoring nonselective autophagy and microautophagy (148). Keima can additionally serve as a tool for the detection of organelle autophagy when conjugated with organelle-specific markers. Scholarly investigations have indicated that an increased presence of autophagosomes or LC3B-II within the system correlates with enhanced proteolytic activity. However, there is no clear correlation between autophagy activity and the abundance of autophagosomes or LC3B proteins (24, 146, 149). For this reason, dynamic measurements of autophagic flux are required (146).

A prominent contemporary approach for assessing autophagic flux involves the observation of LC3 turnover. This approach relies on LC3B-II pooling at autophagosome membranes. When cells were treated with lysosomal reagents (e.g., ammonium chloride) or lysosomal protease inhibitors (e.g., chloroquine), the degradation of LC3-II was blocked, resulting in the accumulation of LC3-II. Thus, the difference in LC3-II amounts between samples represents the amount of LC3 that is delivered to lysosomes for degradation (150). Second, the amount of total cellular LC3 can be quantified by immunoblot analysis or flow cytometry or qualitatively observed by fluorescence microscopy, which is inversely proportional to autophagic flux. In addition to LC3, several groups have developed some specific macrophage substrates to monitor autophagic flux, such as p62/SQSTM1 (151, 152), BRCA1 gene 1 protein (NBR1) (151), betaine-homocysteine s-methyltransferase (153), and polyglutamine protein aggregates (154).





Autophagy in lung diseases




COPD

COPD is a chronic inflammatory pulmonary disease connected with smoking, which is the third most common death factor around the world and consists of 3 primary disease states: chronic bronchitis or proximal airway mucus hypersecretion; emphysema or peripheral lung destruction and loss of alveolar attachments; and small airway disease characterized by inflammation and airway remodeling (Figure 6) (155, 156).
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Figure 6 | Autophagy in lung diseases. In this figure, we summarize the pathogenesis related to the process of autophagy in six pulmonary diseases: COPD, CF, IPF, PTB, PH, and NSCLC. CF, (Cystic fibrosis); COPD, (Chronic obstructive pulmonary disease); IPF, (Idiopathic pulmonary fibrosis); NSCLC, (Non-small cell lung cancer); PH, (Pulmonary hypertension); PTB, (Pulmonary tuberculosis).

In 2000, autophagic vacuoles were detected in liver specimens lacking alpha-1 antitrypsin, indicating the potential role of autophagy in lung disease (157). COPD pathogenesis is not fully understood but may be associated with aberrant cellular responses of bronchial cells and lung cells to CS (cigarette smoke) (158, 159). In the setting of COPD, autophagy-promoting epithelial cell death was shown to be a potential mechanism (160, 161). As compared to healthy individuals, COPD patients have increased levels of LC3B-II and autophagy-related proteins including ATG4, ATG5-ATG12, and ATG7 (160). In addition, it was observed under electron microscopy that the formation of autophagosomes was also markedly increased in lung tissues from COPD patients compared with control lung tissues (160). Mice exposed to CS are usually used as an experimental model of COPD. In lung tissue, mice subjected to cigarette smoke exposure exhibit elevated levels of autophagic proteins and an increased presence of autophagosomes. Interestingly, mice deficient in LC3B and autophagy proteins are resistant to CS-induced pathological changes (161, 162). These findings indicate that the autophagy pathway may contribute to the progress toward COPD in some specific circumstances (160, 161).

Histone deacetylase 6 (HDAC6) is a critical regulator of primary ciliary uptake. Studies have shown that HDAC6 is involved in the degradation of autophagy in cells (162). Shortened cilia and increased HDAC6 are observed in respiratory epithelial cells treated with CS exposure. Cilia shortening induced by CS is inhibited in mice that lack autophagic protein and HDAC6 (162). This result reflects the importance of pathological changes of HDAC6 in respiratory epithelial cells. Consequently, autophagy plays a role in the HDAC6-mediated degradation of cilia within airway epithelial cells in experimental models of COPD (163). Some studies have reported the involvement of mitochondrial in (164, 165). A key mitophagy protein, phosphatase and angiotensin homolog (PTEN) -induced putative kinase 1 (PINK1), has been found to be increased in the lungs of COPD patients (166). Genetic defects in PINK1 and inhibition of mitophagy with drugs showed resistance to COPD pathology in CS-exposed mice (166).





Cystic fibrosis

Cystic fibrosis (CF) is an autosomal recessive disorder due to mutations in the CF gene located in the 7th pair of chromosomes, which can cause serious damage to the lungs, digestive system, and other organs of the body (167–169). Mutations in related CF genes affect the expression of cystic fibrosis transmembrane conductance regulators (CFTR). It is most typical to have a 508-phenylalanine deletion in the CFTR gene (CFTRF508del) (168). The primary characteristic of cystic fibrosis (CF) within the respiratory system is the overproduction and subsequent accumulation of mucus in the airways. This pathological change can secondarily cause recurrent bronchial infections and airway obstruction. In epithelial cells, mutations in CFTR lead to increased ROS formation. Accumulated ROS promotes tissue transglutaminase 2 (TG2) production. Excessive TG2 is an important cause of inflammatory reactions in CF (170, 171). These complex responses lead to the loss of Beclin 1 and class III PI3K complex function, further affecting autophagic function. Notably, the enhancement of autophagy through the overexpression of Beclin 1 has been shown to enhance inflammatory responses (170), indicating that the autophagic system is essential for the clearance of protein aggregates. In a similar vein, mice with the F508del-CFTR mutation demonstrate reduced levels of Beclin 1 expression (172). Significant risk of morbidity and mortality exists in CF patients due to pseudomonas aeruginosa infection. Experimentally, defective autophagic function resulting from reduced levels or loss of function of BECN1 renders mice lungs more vulnerable to pseudomonas aeruginosa infection (173).





Idiopathic pulmonary fibrosis

Idiopathic pulmonary fibrosis (IPF) is the most common form of idiopathic interstitial pneumonia in clinical practice and is a chronic pulmonary disease of unrecognized etiology (174, 175). Although IPF has epithelial origins, it displays abnormal adaptive immune responses, such as T-cell and B-cell dysregulation (176). The levels of LC3-II expression in lung tissue from patients diagnosed with IPF are significantly reduced compared to those observed in healthy individuals (160, 177). Autophagy seems to play a protective role in the development of IPF. In experimental models of IPF, rapamycin inhibits lung fibroblasts’ expression of fibronectin and alpha-smooth muscle actin through its up-regulation of autophagy (178). In addition, the pro-autophagic effect of rapamycin is shown to promote collagen formation in lung epithelial cells (177). Rapamycin also inhibits pulmonary fibrosis induced by Toll-like receptor 4 (TLR4) antibodies or bleomycin in mice (177–179). Furthermore, in the absence of autophagy genes or when autophagy is suppressed pharmacologically, transforming growth factor (TGF) activates lung fibroblasts (177, 178).

In IPF, researchers found clusters of malformed mitochondria in lung epithelial cells, particularly in alveolar type II cells (AECIIs) (180). In addition, microarray analysis showed decreased PINK1 in lung tissues from IPF patients (180). The knock-down PINK1 mice displayed increased mitochondrial depolarization and expression of pro-fibrotic factors (180, 181). The mechanism of the antifibrotic effect of PINK1 in lung epithelial cells is reflected in the prevention of cell death by preserving the morphology and function of mitochondria (180, 181). It has been suggested that PARK2, an important mitophagy-related molecule may be linked to the pathogenesis of IPF (182). Mitophagy is activated in alveolar macrophages from IPF patients and mice treated with bleomycin. Whereas increased apoptosis of macrophages is found in mitophagy-deficient mice, which prevents them from pulmonary fibrosis.





Pulmonary hypertension

Pulmonary hypertension (PH) is a disease of abnormally high blood pressure in the pulmonary arteries. PH is predominantly defined by the remodeling of pulmonary vasculature, a multifaceted and progressive phenomenon that ultimately results in right heart failure and mortality. Studies have investigated how autophagy acts in PAH pathogenesis, but conclusions remain disputed. Experimental mice with chronic hypoxia showed increased levels of LC3B and autophagosomes in their lungs (183). Furthermore, a higher prevalence of autophagic vacuoles was noted in lung tissue subjected to hypoxia. Mice deficient in MAP1LC3B (MAP1LC3B −/−) that were exposed to chronic hypoxic conditions demonstrated more pronounced PH values in comparison to their wild-type counterparts. PH values included right ventricular systolic pressure and vessel wall thickness. An elevation in angiogenesis within pulmonary artery endothelial cells has been noted in cases of persistent PH in Beclin 1-null mice (184). ATG5-targeting siRNA has been found to directly disrupt autophagy to inhibit the proliferation process of rat pulmonary artery smooth muscle cells. The AMPK signaling pathway, recognized as a crucial component of autophagy, significantly results in the process of autophagy in cardiomyocytes. Research has shown that pharmacological inhibition of the AMPK pathway increases cardiomyocyte mortality, suggesting a protective effect on AMPK-associated cardiomyocyte autophagy. Monocrotaline (MCT) is a commonly used drug in animal experimental models of induced PH. Recent research indicates that in rats treated with monocrotaline (MCT), the expression of phospho-mTOR in the right ventricle is down-regulated, while the expression of phospho-AMPK is elevated at the 2 and 4-week marks. Conversely, at the 6-week interval, there is an up-regulation of phospho-mTOR expression and a decrease in phospho-AMPK expression in the right ventricle of MCT-treated rats (185). This suggests that the AMPK-mTOR autophagy signaling pathway is involved in regulating autophagy in pulmonary hypertension rats. It has already been demonstrated that rapamycin treatment can prevent right ventricular hypertrophy and dysfunction through activation of the autophagy pathway in animal models. The findings indicate that autophagy could potentially be a contributing factor to human vascular disease (186). However, these findings are derived from static measurements. Additional experimental investigations are necessary to elucidate the relationship between human vascular disease and autophagy (183).





Pulmonary tuberculosis

PTB is a chronic and long-term pulmonary disease caused by Mtb infecting the human lung, and it is the predominant manifestation of tuberculosis. Mtb is classified as an intracellular pathogen that releases a diverse array of effector proteins within host cells. These proteins subsequently disrupt cellular signaling pathways, thereby influencing normal cellular functions. It ultimately promotes its survival in host cells and leads to host cell pathology. During the initial stages of infection, innate immune responses are stimulated, and inflammatory cells are recruited to the lungs. Mtb evades and eliminates innate immune cells, spreads to the draining lymph nodes, and triggers a specific T-cell response that promotes the formation of granulomas at the sites of pulmonary infection (187). Inflammatory granulomas are believed to lead to lung tissue damage, and pulmonary fibrosis, and progressively develop chronic and persistent clinical manifestations of PTB (188).

Mtb inhibits phagosome-lysosome fusion, allowing it to persist in the phagosome during maturation. Autophagy is important for the elimination of Mtb. In vitro, rapamycin or starvation-induced autophagy promotes the conversion of Mtb phagosomes into autolysosomes, which contain more antimicrobial chambers (e.g., antimicrobial peptides) than conventional phagosomes (129, 189). Macrophages are also enhanced in their ability to present mycobacterial antigens by autophagy (197). Moreover, phagolysosomal fusion is found to be inhibited when cells are infected with Mtb in macrophages lacking Beclin 1 and ATG7 (189). This result could preliminarily prove that autophagy is advantageous for killing tubercle bacilli. However, the specific mechanism of the defense effect of autophagy proteins on Mtb in humans is unknown. In addition, recent in vitro studies have demonstrated increased Mtb replication in HIV-infected macrophages co-infected with Mtb when autophagy is activated by the suppression of the mTOR pathway (190). A recent study found that certain autophagic mechanisms acting on phagocytes are critical mechanisms to target Mtb, known as xenophagy. The embryonic exogenic homeobox 1 (ESX-1) secretion system is a virulence factor of Mtb (191). ESX-1 causes Mtb DNA exposure to the host cytoplasm through phagosome permeation (192). DNA exposed to the cytoplasm is detected and ubiquitinated by cytoplasmic DNA sensor molecules (e.g., STING) (192). Ubiquitinated DNA attaches to LC3 via several proteins like p62 and nucleoporin 52. Consequently, it is encapsulated in autophagosomes to fuse with lysosomes (192).





Non-small cell lung cancer

The mechanism of action of autophagy in cancer has repeatedly been described as a double-edged sword. The role that autophagy-related cellular pathways play in the pathological progression of NSCLC is being extensively investigated. Mutations in genes involved in the mTOR signaling pathway may be associated with malignant proliferation of cells. Mutations in genes in the mTOR pathway, such as KRAS, epidermal growth factor receptor (EGFR), LKB1, PTEN, PIK3CA, AKT1, EGFR, PIK3CA, and PTEN, have some relationship with the development of NSCLC (29). Research indicates that the anticancer efficacy of LKB1 is diminished in NSCLC. The researchers propose that this reduction may facilitate tumor proliferation via the LKB1-AMPK-mTOR signaling pathway (193). Rapamycin causes endogenous apoptosis of cancerous cells, which in turn inhibits tumor growth in mouse models of NSCLC (194, 195). In vitro lung cancer models, rapamycin enhances apoptosis and autophagy (196). The PI3K signaling pathway serves as a primary regulator of autophagy, with its activation leading to the inhibition of autophagic processes in cancerous cells. Furthermore, the activation of this pathway enhances the production of tumor-promoting antigens, thereby facilitating the process of carcinogenesis. Mutations in p53 are also important correlates of tumorigenesis. p53 is one of the most frequently mutated genes and is present in 45% – 70% of adenocarcinomas and 60% – 80% of squamous cell carcinomas (196). The pathogenesis of NSCLC depends heavily on the absence of the p53 gene (197). p53 can be present in the cytoplasm and nucleus. Under cellular stress, p53 can translocate into the nucleus (197). The p53 protein, located in the nucleus, experiences conformational alterations that enable it to function as a transcription factor. This activity facilitates the upregulation of numerous pro-apoptotic proteins, thereby making sense in the regulation of both endogenous and exogenous apoptotic pathways (197). p53 can also translocate to the mitochondrial surface and directly bind to Bcl-2 family proteins to promote endogenous apoptosis (197, 198). In addition to this, p53 promotes the expression of Apaf-1 and caspase-6 and promotes extrinsic apoptosis (198). p53 also plays a role in regulating the autophagic process. An autophagy-induced response was observed in mice whose p53 expression was blocked using cypermethrin-α. And p53-null cells also showed enhanced autophagy compared with wild-type cells. In addition, cytoplasmic p53 can interact with FIP200, which in turn competitively inactivates autophagy.





Other lung diseases

In addition to the above lung diseases, autophagy is also greatly related to the occurrence and development of many other lung diseases, such as asthma, COVID-19, and atypical pneumonia.

Autophagy plays a complex role in the pathophysiology of asthma and may be deleterious or beneficial. Autophagy can affect inflammatory response, airway remodeling, immune regulation, and other aspects, and is an important field of asthma treatment research. Polymorphisms in the autophagy-related gene Atg5 are strongly associated with asthma (199). In respiratory epithelial cells of patients with severe asthma, the expression level of Atg5 protein is increased, and this phenomenon is closely related to the deepening of the degree of fibrosis in the lower cell layer as well as the increase of collagen-1 expression (200). IL-13 plays a crucial role in the development of T2 asthma (201). In vitro, IL-13 stimulated goblet cell production and secretion of MUC5AC protein from human respiratory epithelial cells (202). This process is associated with activation of the autophagic process, which is blocked when expression of Atg5 is inhibited. In addition, inhibition of autophagy also affects IL-13 production in response to ROS (203). In addition, in asthmatic patients, airway epithelial cells initiate autophagy by inhibiting mTORC1 signaling in response to IL-13 or IL-33 (204). Bronchial fibroblasts showed enhanced mitophagy accompanied by increased expression levels of PINK1 and Parkin protein in severe asthma, which may be an adaptive response against mitochondrial dysfunction in asthmatic cells (205).

COVID-19 is caused by a coronavirus called SARS-CoV-2, and prior research has indicated that autophagy may play a dual role in the context of coronavirus infection (206). Autophagy can degrade coronavirus, enhance inflammatory responses, and modulate inflammation in neutrophils (207). At the same time, it also promotes antigen presentation and provokes immunity against coronavirus (208). However, double-membrane vesicles of autophagosomes facilitate the sequestration of the virus from external immune responses, thereby serving as sites for viral replication and transcription (207). In addition, nonstructural protein 6 (NSP6) of novel coronavirus assists the virus in escaping host innate immunity by activating autophagy. Recent studies have shown that overexpression of SARS-CoV-2 papain-like protease cleaves ULK1 and disrupts the formation of ULK1-ATG13 complex to block intact host autophagy (209). Corona virus also inhibits BECN1 and activates autophagy inhibitors (SKP2 and AKT1) to prevent autophagosome fusion with lysosomes to limit autophagy signal transduction (210, 211). Interestingly, compared with classical SARS-CoV, ORF3a of SARS-CoV-2 can separate homotypic fusion and protein classification components, thereby inhibiting fusion of autophagosomes and lysosomes, which is a unique feature of SARS-CoV-2 inhibition of autophagy (212, 213).

Autophagy is also important in atypical pneumonia, for example, infections caused by Chlamydia pneumonia(CP), Mycoplasma pneumonia, and Legionella. In CP, it has been shown to limit intracellular CP growth in vitro by inhibiting autophagy, but in vivo, research has demonstrated that the impairment of autophagy in myeloid cells is associated with increased mortality, potentially resulting from intricate antagonistic interactions between inflammasomes and autophagy (214). Post-infection with Mycoplasma pneumonia, the activation of autophagy may correlate with the severity of the disease, and both excessive activation and suppression of autophagy could influence the progression of the illness. Membrane lipids of Mycoplasma pneumonia can activate autophagy through TLR4 and promote the production of inflammatory factors such as TNF-α and IL-1β, exacerbating the inflammatory response (215). Legionella can inject effector proteins into host cells via its type IV secretion system (Dot/Icm) to avoid autophagy and survive. Nevertheless, the autophagy gene Atg7 can also exert its effect by assisting macrophages to clear bacteria (216).






Autophagy as a potential therapeutic target for the treatment of lung diseases

In the human body, autophagy is essential to maintain the normal functioning of tissues and organs as well as the development of diseases. Thus, targeting autophagy may be useful in the treatment of disease, but may also exacerbate disease deterioration. Because the autophagic process can help clear harmful protein aggregates and damaged organelles. However, excessive autophagy or dysregulation of autophagy may be harmful to cells. In lung diseases, the role of autophagy is particularly complex. On the one hand, it can clear pathogens and damaged cells in the lungs and help resist infection and inflammation. On the other hand, if the autophagic process is dysregulated, it may lead to damage and dysfunction of lung tissue. Therefore, using autophagy as a target for the treatment of lung diseases requires great caution. If the treatment strategy is not appropriate, it may exacerbate the condition rather than improve it. How to balance the activation and inhibition of autophagy to achieve the best therapeutic effect is currently a major difficulty in autophagy-targeted therapy (Table 2).

Table 2 | The mechanism of autophagy-related targets in lung diseases.
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COPD

Based on the available findings, it may be possible to hypothesize that selective targeting of autophagy-related proteins at the genetic or pharmacological level may serve as a basis for the formulation of novel therapies for COPD. In mouse models, many studies have attempted to mitigate the occurrence of abnormal autophagy during smoke exposure by different approaches. However, these investigations have primarily focused on preventive interventions related to the duration of smoking. These studies included the chemical chaperone 4-phenylbutyrate (162); antioxidant drug, cysteine (217); arachidonic acid-derived epoxyeicosatrienoic acid (218); HDAC6 inhibitor tubastatin (219); mitophagy inhibitor Mdivi134; and sodium channel inhibitor carbamazepine. In addition, studies using the mTOR inhibitor rapamycin suggested that increasing autophagy during CS exposure could reduce lung tissue inflammation, which may be of assistance. However, rapamycin increased the number of apoptotic and inflammatory cells compared with controls at baseline. To clarify the pathophysiological function of autophagy in disease, it is essential to carefully time the activation of autophagy and the targeting of lung cells. Further investigation is required to assess the impact of these agents on dysregulated autophagy in COPD.





CF

Treatments for CF have been extensively investigated. The restoration of autophagic functionality may provide additional therapeutic options for treating CF. The antioxidant n-acetyl-l-cysteine has been shown to improve airway phenotypes in CFTR mutant mice. In addition, oral cysteamine was found to restore Beclin 1 expression and prolonged the survival of CFTR F508del mutant mice (220). Hence, it may be worthwhile to investigate cysteamine drugs’ mechanism through restoring autophagy (221). In addition, regular and continuous use of azithromycin has been demonstrated to enhance the health condition of CF patients (222, 223). However, It has been reported that mycobacterial infection increases synchronously with the onset of CF in some studies (224, 225). The seemingly contradictory results observed in cystic fibrosis patients treated with azithromycin may be attributed to the drug’s capacity to inhibit lysosomal acidification. This inhibition subsequently disrupts autophagy and the degradation processes within phagosomes. More therapeutic options targeting autophagy-related pathways need to be investigated in greater depth.





IPF

Promoting autophagy may be beneficial in the treatment of IPF. Currently, drugs that may be active include IL17A neutralizing antibodies (177), MIR449A(microRNA 449a) (226), or PDGFRB (platelet-derived growth factor receptor beta) inhibitors. Bleomycin-mediated increases in mortality and decreases in fibrotic resistance in mice have been observed in experimental models (178, 227). However, rapamycin appears to potentiate silica-induced effects, exacerbating inflammation and fibrosis (228). In individuals diagnosed with IPF, the rapamycin analog everolimus has been observed to contribute to the progression of the disease. Therefore, further studies are required to assess whether targeted autophagy agents are beneficial in IPF.





Pulmonary hypertension

Numerous studies utilizing animal models have investigated the impact of rapamycin, mTOR inhibitors, and autophagy activators on the prevention of PAH development (229). In clinical settings, everolimus, a derivative of rapamycin, has been shown to enhance outcomes in patients with strict PH resulting from chronic thromboembolic disease, while also decreasing pulmonary vascular resistance (230). The suppression of the autophagy pathway may offer potential targeted therapeutic strategies for the disease.





Pulmonary tuberculosis

Therapeutic regimens targeting pulmonary tuberculosis by autophagy-related pathways are being widely investigated. Vitamin D stimulates autophagy activation in Mycobacterium tuberculosis by inducing antibiotics (231). Vitamin D deficiency has been linked to a heightened threat of active TB (232). The conversion time of sputum cultures is not affected by vitamin D supplementation according to recent research (233, 234). However, it has also been reported that vitamin D supplementation given to patients with vitamin D receptor polymorphisms shortens sputum culture conversion time (234). Isoniazid and pyrazinamide are recognized as primary agents in the treatment of tuberculosis. These compounds facilitate the activation of autophagy and the maturation of autophagosomes within host cells infected by Mtb (235). This may constitute a component of the fundamental mechanism associated with the treatment involving these agents. Although the activation of autophagy has been previously proposed as a viable therapeutic approach for patients infected with Mtb, recent findings cast uncertainty on this hypothesis and impede the progression of further research.





Non-small cell lung cancer

The development of novel compounds aimed at targeting mutant p53 and reinstating its wild-type functionality represents a promising therapeutic approach for cancer treatment, particularly in the context of NSCLC, which is characterized by a significant mutation frequency (236–238). This therapeutic potential has already been demonstrated in many compounds. Nutlins are cis-imidazoline analogs that inhibit the interaction between MDM2 and wild-type p53 in vivo, which in turn enhances the anti-tumor ability of p53 (239). We speculate that the development of targeted agents against aberrant p53 or promoting anti-tumor activity of wild-type p53 may be helpful in the treatment of cancer. RETRA was found to inhibit the malignant proliferation of cancer cells carrying aberrant p53 via a p73-dependent salvage pathway (240). The reactivating small molecule PRIMA-1 of mutant p53 can be combined to convert it into a wild-type construct, thereby achieving inhibition of tumor growth (241, 242). In addition, restoring and stabilizing the DNA binding domain (DBD) of p53 is also a promising tumor suppressor strategy.

Rapamycin has great potential in cancer therapy, which activates mitochondria-mediated apoptosis independent of p53 in NSCLC cells, stressing its effectiveness in disease (29). It has been shown that mouse models of NSCLC have reduced tumor growth and apoptosis following rapamycin treatment (232). Furthermore, certain anticancer agents have demonstrated markedly enhanced efficacy when administered in conjunction with rapamycin. This includes Bcl-2 inhibitors such as ABT-737, pemetrexed, and lipophilic bisphosphonates (196). Additionally, EGFR tyrosine kinase inhibitors (TKIs) have received approval for the treatment of patients with NSCLC who possess particular EGFR mutations (243). However, resistance to this drug is a major problem in clinical treatment. Notably, erlotinib combined with rapamycin enhanced autophagy and restored sensitivity to EGFR-TKIs (244). Erlotinib in combination with rapamycin has also been shown to help overcome resistance due to p53 deficiency in vitro.

In addition to rapamycin, drugs targeting proteins related to other signaling pathways of autophagy, such as AZD8055 (PI3K inhibitor), NVP-BEZ235 (PI3K and mTORC1 inhibitors), perifosine (AKT inhibitor), and GSK-690693 (AKT inhibitor), have been investigated in NSCLC. In certain instances, these targeted therapies modulate autophagy-related pathways as a component of the treatment regimen for NSCLC (245–248). The effects of some traditional Chinese medicine compounds in NSCLC have also been largely investigated. Curcumin is a phenolic compound derived from the plant Curcuma longa (249, 250). Curcumin treatment showed a promoting effect of autophagy as well as a pro-apoptotic effect in lung adenocarcinoma A549 cells, allowing us to speculate its therapeutic potential in NSCLC (251). Cytoprotective autophagy in NSCLC cells is also activated by cucurbitacin E and glycerinic acid (252). Licochalcone A, a flavonoid derived from the traditional Chinese medicinal plant Glycyrrhiza uralensis Fisch, has been shown to promote apoptosis and autophagy through the induction of ER stress (253). Thick acid from Poria cocos halted lung cancer cell growth by boosting ROS and activating JNK (254). Platycodin-D can induce autophagy in H460 and A549 NSCLC cells, as shown by stimulating the formation of ATG3, ATG7, Beclin-1, and LC3-II (255).






Conclusion

Autophagy plays a dual role in lung diseases, exhibiting both potentially harmful effects in certain pathophysiological conditions and serving as a protective mechanism that promotes cell survival. Recent advancements in research have significantly enhanced our understanding of the role of autophagy in the pathophysiological mechanisms underlying various diseases, thereby offering novel insights for the development of targeted therapies for pulmonary diseases. However, assessing the actual clinical effects of targeted agents for autophagy-related pathways on lung diseases is challenging. The challenge arises from the observation that autophagic responses occurring in various compartments of the lung may yield markedly distinct effects. Accurate measurements of autophagy also need to be updated. It is critical to revise the precise assessments of autophagy. Understanding the impact of highly specific autophagy modulators on disease models characterized by particular autophagy deficiencies is vital for formulating clinically relevant approaches to either stimulate or suppress autophagy.
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Integrative RNA, miRNA, and 16S rRNA sequencing reveals immune-related regulation network for glycinin-induced enteritis in hybrid yellow catfish, Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂
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Glycinin-induced foodborne enteritis is a significant obstacle that hinders the healthy development of the aquatic industry. Glycinin causes growth retardation and intestinal damage in hybrid yellow catfish (Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂), but its immune mechanisms are largely unknown. In the current study, five experimental diets containing 0% (CK), 1.74% (G2), 3.57% (G4), 5.45% (G6), and 7.27% (G8) immunological activity of glycinin were fed to juvenile hybrid yellow catfish to reveal the mechanism of the intestinal immune response to glycinin through RNA and microRNA (miRNA) sequencing and to explore the interrelation between immune molecules and intestinal microbiota. The results demonstrated that glycinin content in the posterior intestine increased significantly and linearly with the rise of dietary glycinin levels. More than 5.45% of dietary glycinin significantly reduced the nutritional digestion and absorption function of the posterior intestine. Notably, an obvious alteration in the expression levels of inflammatory genes (tnf-α, il-1β, il-15, and tgf-β1) of the posterior intestine was observed when dietary glycinin exceeded 3.57%. Sequencing results of RNA and miRNA deciphered 4,246 differentially expressed genes (DEGs) and 28 differentially expressed miRNAs (DEmiRNAs) between the CK and G6 groups. Furthermore, enrichment analysis of DEGs and DEmiRNA target genes exhibited significant responses of the MAPK, NF-κB, and WNT pathways following experimental fish exposure to 5.45% dietary glycinin. Additionally, at the level of 3.57% in the diet, glycinin obviously inhibited the increase of microbiota, especially potential probiotics such as Ruminococcus bromii, Bacteroides plebeius, Faecalibacterium prausnitzii, and Clostridium clostridioforme. In sum, 5.45% dietary glycinin through the MAPK/NF-κB/WNT pathway induces enteritis, and inflammatory conditions could disrupt micro-ecological equilibrium through miRNA secreted by the host in hybrid yellow catfish. This study constitutes a comprehensive transcriptional perspective of how intestinal immunity responds to excessive glycinin in fish intestines.
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1 Introduction

The substitution of fish meal with plant protein in aquafeeds leads to intestinal inflammation and growth inhibition, which poses major obstacles hindering the progress of the aquaculture sector. Soybean meal has emerged as the predominant alternative plant protein source to fish meal in aquafeeds, owing to its abundant yield, elevated protein content, and reliable availability (1). However, soybean antigenic proteins, as the main anti-nutritional factor with significant abundance, resistance to heat and strong immunogenicity in soybean meal, and prolonged and increased consumption can predispose aquatic organisms to allergic reactions in their gastrointestinal tracts, culminating in intestinal damage and related complications (2, 3). As one of the most important soybean antigen proteins, glycinin accounts for nearly 41.9% of soybean protein (4), possesses an extremely compact molecular structure, and is difficult to enzymatically hydrolyze (5). Recent research reported that 3.08%–6.04% immunologically active glycinin in the diet caused intestinal inflammation and oxidative damage, destroyed immune and digestive functions, and ultimately hindered the growth of Rhynchocypris lagowskii Dybowski (6). Accumulating lines of evidence suggest that excessive dietary glycinin could increase intestinal mucosal permeability, trigger intestinal inflammatory pathology, or disrupt microbial balance in various aquatic animals such as turbot (Scophthalmus maximus L) (7), Chinese mitten crabs (Eriocheir sinensis) (8), grass carp (Ctenopharyngodon idella) (9), and orange-spotted grouper (Epinephelus coioides) (10).

As the largest immune organ, the intestine accompanying the strongest mucosal immune system plays a crucial role in preserving host immune homeostasis and preventing pathological immune responses (11). However, owing to the fragile digestive tract of juvenile animals, a small proportion of glycinin that has not been fully digested maintains macromolecular activity and directly crosses the intestinal mucosal barrier, thereby stimulating the immune response in the blood, lymph, and intestine, causing inflammatory tissue damage (12, 13). It is a remarkable fact that previous studies on grass carp (9, 12) and R. lagowskii Dybowski (6) revealed that inflammation in the posterior intestine caused by glycinin appears more serious compared with that in the anterior and mid intestines, attributed to reasons such as that epithelial cells of the posterior intestine are more sensitive to antigen binding, leading to the strongest inflammatory response (14). The resistance of fish growth to the nutrient composition and immune status may form an intestinal environment conducive to the reproduction of potentially pathogenic bacteria, thereby impacting the homeostasis of the intestinal microbial community (15). Although certain studies have reported that 8% or 10% dietary glycinin disturbs the micro-ecological equilibrium of the intestine in aquatic animals (8, 10, 16), the specific action mechanism of this process and the relationship between microbes and intestinal inflammation still have many limitations, and more explorations are needed to enrich the understanding of this active field.

New omics technologies, including RNA sequencing (RNA-seq) and microRNA sequencing (microRNA-seq), hold notable potential to explore and interpret the complex relationship between fish nutrition and immunity (17). Ambient changes can trigger changes in transcriptional expression patterns (18). Nevertheless, to date, the effects of glycinin on the intestinal transcriptome and immunomodulatory networks have not been reported, and further research is needed. MicroRNAs (miRNAs), endogenous ~22-nucleotide non-coding RNAs, directly inhibit the gene expression via mRNA cleavage and/or translation (19). MiRNAs play a cardinal role in regulating pathological processes, and their dysregulation is connected with many diseases, including inflammation (20). It is worth noting that gradually increasing studies indicated that miRNAs are cardinal communication mediators of host–microbe interactions (21–23). Host-derived miRNAs are transferred into intestinal bacteria through extracellular vesicles, modulating their gene expression and affecting the replication of intestinal microbiota (21, 24). Conversely, the microbiota can alter host miRNA expression to promote epithelial proliferation and regulate its permeability, affecting intestinal homeostasis (25). Despite that the importance of this interaction is continuously emerging, the response mechanism between miRNA and intestinal microbiota in glycinin-induced enteritis remains elusive in fish.

Hybrid yellow catfish (Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂) is a new species with fast growth, strong disease resistance, high quality, and market acceptance (26). In spite of this, cultured hybrid yellow catfish frequently cause foodborne enteritis attributed to its vigorous ingestion, which causes huge economic losses to the aquaculture industry. Our previous study found that more than 5.45% dietary glycinin eminently reduced the growth performance, accompanied by the aggravation of intestinal oxidative stress and apoptosis, and the impairment of intestinal structural integrity (27). Information on how glycinin causes gastrointestinal inflammation of hybrid yellow catfish is still unclear. Hence, the aim of this research was to use omics technology to explore the immunomodulatory networks and microbial imbalance mechanism of glycinin-induced foodborne enteritis and to provide essential insight into the breakthrough of intestinal health disorders in fish.


2 Materials and methods

2.1 Diet production and breeding trial

Glycinin was isolated from soybeans obtained from Wuhan Alpha Agri-tech Co., Ltd., and the specific extraction method was the same as that described in Yi et al. (27). Additionally, this research utilized the diet preparation and growth experiment in our previous study (27). Briefly, five different levels of glycinin diets were created based on the nutritional needs of the hybrid yellow catfish being studied (Table 1). They included 0%, 2.08%, 4.16%, 6.24%, and 8.32% glycinin, which corresponded to substituting 0%, 20%, 40%, 60%, and 80% fish meal proteins with soybean meal proteins, recording as the CK, G2, G4, G6, and G8 groups, respectively. Raw materials were provided by Wuhan Aohua Technology Co., Ltd. (Wuhan, China). The method of feed production was described in our previous study (27). Immunological activities of dietary glycinin in the groups of CK, G2, G4, G6, and G8 were consistent with those of our previous experiment, which were 0%, 1.74%, 3.57%, 5.45%, and 7.27%, respectively (27).

Table 1 | Formulation and nutritional content of experimental feeds (air-dry basis, %).
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Juvenile hybrid yellow catfish (1.02 ± 0.01 g) were from Hubei Huangyouyuan Fisheries Development Co., Ltd. (Wuhan, China). The breeding trial took place in the Huazhong Agricultural University aquaculture base. A total of 450 fish were randomly placed into 15 glass tanks (1.20 × 0.60 × 0.45 m) at 30 fish per tank. Experimental fish were temporarily fed with the control group feed for 2 weeks to adapt to the experimental environment. Then, five experimental diets were randomly divided into triplicate tanks. During the rearing period, the feeding management and water quality testing methods for fish were the same as those in our previous study (27).


2.2 Sample collection

In the eighth week, three fish were chosen at random from each group to be anesthetized using 100 mg/L MS-222 (tricaine methanesulfonate, Sigma, St. Louis, MO, USA) solutions. Subsequently, the intestinal contents were separated to detect intestinal microbes. Six fish after 24 hours of fasting were randomly selected from each tank and anesthetized to isolate posterior intestinal tissue for detection of gene expression, RNA-seq, miRNA-seq, and the activities of ATPase and Na+-K+-ATPase. The differentiation and separation of the posterior intestine referred to the method of Li et al. (28). The aforementioned samples were kept at −80°C until testing.


2.3 Enzyme activity determination

Posterior intestine tissue soaked in 9 volumes of phosphate-buffered saline (PBS) was disrupted and centrifuged to prepare tissue homogenate solution. It was used to determine glycinin contents with the plant glycinin ELISA kit (Jingmei Biological Technology Co., Ltd., Jiangsu, China), and the activities of ATPase and Na+-K+-ATPase were determined using the kit of Nanjing Jiancheng Bioengineering Institute (Nanjing, China; Cat. No. A070-1 and A070-2). Experimentation and computation were conducted following the instructions.


2.4 Real-time quantitative PCR

Detailed steps for real-time quantitative PCR (RT-qPCR) of inflammation-related mRNA and miRNA in the posterior intestine are provided in the Supplementary Material. Specific primers were designed according to the National Center for Biotechnology Information (NCBI) based on the yellow catfish gene sequences (Supplementary Table S1). The reference genes of mRNA and miRNA were β-actin (29) and U6 (30), respectively. The expression levels were quantitated by the 2−ΔΔCT method (31).


2.5 RNA-seq and miRNA-seq analysis

The isolation, library construction, sequence determination, and function enrichment of RNA and miRNA were completed by Shanghai Meiji Biomedical Technology Co., Ltd. (Shanghai, China). Detailed instructions can be obtained from the Supplementary Material.


2.6 16S rRNA sequencing

Microbial 16S rRNA sequencing was conducted by Shanghai Personalbio Technology Co., Ltd. The specific steps can be obtained in the Supplementary Material.


2.7 Statistical analysis

Data were analyzed using the SPSS Statistics 26.0 software. The analysis methodology was similar to that of our previous study (27). In short, the normality distribution and variance homogeneity of data were examined using the Shapiro–Wilk and Levene’s tests, respectively. One-way ANOVA was employed to analyze the differences between different levels of glycinin groups. Multiple comparative analyses were executed by Tukey’s test. Linear and quadratic tendencies were assessed using orthogonal polynomial contrasts. Experimental data were presented as means ± standard error (means ± SE). Additionally, a difference was regarded as significant if p ≤ 0.05. Pearson’s correlation coefficient (PCC) was used to uncover the correlations between inflammatory cytokine gene expressions, the posterior intestinal microbiota abundance, and differentially expressed miRNA (DEmiRNA) expressions.



3 Results

3.1 Enzyme activities of posterior intestine

With the rise of dietary glycinin level, the posterior intestinal glycinin content increased significantly and linearly (Figure 1A). In comparison to that in the CK group, ATPase activity was notably reduced in the G4, G6, and G8 groups (Figure 1B), and Na+-K+-ATPase activity was dramatically decreased in the G6 and G8 groups (Figure 1C). Additionally, significant linear and quadratic relationships were presented between the dietary glycinin levels and the activities of ATPase and Na+-K+-ATPase.
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Figure 1 | Glycinin contents (A) and the activities of ATPase (B) and Na+-K+-ATPase (C) in posterior intestine of Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂. Obvious differences among groups are denoted by a, b, c, d, and e (p < 0.05). A indicates the p-value assayed via one-way ANOVA; L indicates a linear tendency assayed via orthogonal polynomial contrasts; Q indicates a quadratic tendency assayed via orthogonal polynomial contrasts.


3.2 Relative expressions of inflammatory cytokine mRNAs in posterior intestine

The impacts of glycinin in the diet on the mRNA expressions of inflammatory cytokines in the posterior intestine are presented in Figure 2. The expressions of tumor necrosis factor (tnf-α), interleukin-1β (il-1β), and interleukin-15 (il-15) in the G4, G6, and G8 groups were considerably elevated in comparison to those in the CK group, but the expression of transforming growth factor-β1 (tgf-β1) obviously dropped in the glycinin-added groups. Notably, the expressions of tnf-α and il-1β in the G6 and G8 groups were considerably elevated compared to those in the G4 group, while the tgf-β1 expression was considerably reduced. Relative to that in the CK group, the expression of interleukin-10 (il-10) was remarkably enhanced in the G2, G4, and G6 groups, with no obvious variation in the G8 group. Strong linear relationships were demonstrated among the levels of dietary glycinin and the expressions of tnf-α, il-1β, il-15, and tgf-β1. A notable quadratic trend was displayed in the expression of il-10 with the increase of dietary glycinin levels. No considerable variation was noted in the expression of interleukin-8 (il-8).
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Figure 2 | RT-qPCR of tnf-α (A), il-1β (B), il-15 (C), il-8 (D), tgf-β1 (E), il-10 (F) mRNAs in posterior intestine of Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂ (n = 3). The obvious differences among groups are denoted by a, b, c, and d (p < 0.05). A indicates the p-value assayed via one-way ANOVA; L indicates a linear tendency assayed via orthogonal polynomial contrasts; Q indicates a quadratic tendency assayed via orthogonal polynomial contrasts.


3.3 RNA-seq analysis of posterior intestine

Our previous study indicated that 5.45% feed glycinin significantly reduced the growth rate of hybrid yellow catfish and induced cell apoptosis (27), significantly reduced posterior intestinal ATPase and Na+-K+-ATPase activities, and induced the highest significance of pro-inflammatory factors level in this paper. RNA-seq was performed on the CK and G6 groups. A total of 38.75 Gb of high-quality data was acquired (Supplementary Table S2). Principal component analysis (PCA) suggested the variations in gene expression profiles among two groups (Figure 3A). Moreover, 8.09% and 6.07% of specific gene expressions were sequenced in the CK and G6 groups, respectively (Figure 3B). A total of 4,246 differentially expressed genes (DEGs) were obtained, with 2,246 upregulated and 2,000 downregulated genes (Figure 3C). In the cluster analysis, it was evident that a noticeable portion of the DEGs showed absolutely converse expression patterns between the CK and G6 groups (Figure 3D).
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Figure 3 | RNA-seq analysis of posterior intestine in the CK and G6 groups. (A) Principal component analysis (PCA). (B) Venn analysis. (C) Scatter diagram of differentially expressed genes (DEGs): red stands for upregulation, and yellow stands for downregulation (p < 0.05). (D) Cluster analysis of DEGs (heatmap): red indicates upregulation of DEGs, while blue represents downregulation.

Analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) disclosed that there was a considerable enrichment of elevated genes in 43 KEGG pathways. Remarkably enriched immune- and human disease-related pathways primarily included Coronavirus disease-COVID-19, Complement and coagulation cascades, Staphylococcus aureus infection, NF-kappa B (NF-κB) signaling pathway, B cell receptor signaling pathway, Natural killer cell mediated cytotoxicity, Fc epsilon RI signaling pathway, Inflammatory mediator regulation of TRP channels, MAPK (mitogen-activated protein kinase) signaling pathway, and Intestinal immune network for IgA production (Figure 4A; Supplementary Table S3). Additionally, the first 20 pathways obviously enriched by downregulated genes mainly involved nutrient absorption and metabolism, including Fat digestion and absorption, Endocytosis, Protein digestion and absorption, Protein processing in endoplasmic reticulum, Citrate cycle (TCA cycle), Glycerophospholipid metabolism, ABC transporters, Mineral absorption, Selenocompound metabolism, Alanine, aspartate and glutamate metabolism, and Vitamin digestion and absorption, as well as immune- and human disease-related pathways including Lipid and atherosclerosis, MicroRNAs in cancer, Focal adhesion, and Adherens junction (Figure 4B, Supplementary Table S3).
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Figure 4 | Bubble chart of top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways concentrated with upward (A) and downward genes (B) in the CK and G6 groups. The more significant the rich factor, the higher the level of enrichment. The sizes of the dots represent the quantity of genes, and the colors of the dots are associated with various p-values. p < 0.05 is regarded as considerably enriched.


3.4 MiRNA-seq analysis of posterior intestine

Six samples from the CK and G6 groups were sequenced with miRNA, and a total of 170 known miRNAs and 335 novel miRNAs were obtained (Supplementary Table S4). Analysis of miRNA expression results presented that 224 miRNAs were co-expressed between the CK and G6 groups, accounting for 76.45% of the total miRNAs, and the unique miRNAs of the G6 group were 8.53% higher than those of the CK group (Figure 5A). The top 10 expressed miRNAs in different samples were ipu-miR-192, ipu-miR-194a, ipu-miR-143, ipu-miR-21, ipu-miR-146a, ipu-miR-22a, ipu-miR-26a, ipu-miR-126a, NW_020848201_1_3371, ipu-miR-200b, ipu-miR-10b, ipu-miR-26b, ipu-miR-458, and ipu-let-7e (Figure 5B). DEmiRNAs were screened by differential expression analysis, with the involvement of 20 upregulated and eight downregulated genes (Figure 5C). Among the seven known DEmiRNAs discovered, ipu-miR-216b, ipu-miR-29c, ipu-miR-216a, ipu-miR-217, ipu-miR-184, and ipu-miR-459 were significantly reduced, and ipu-miR-489 was significantly enhanced (Supplementary Table S4).
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Figure 5 | MiRNA-seq analysis of posterior intestine in the CK and G6 groups. (A) Venn analysis. (B) Top 10 expressed miRNAs in each sample. (C) Differentially expressed miRNAs (DEmiRNAs). (D) Top 20 Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment pathways of DEmiRNAs. Significant enrichment is indicated as −log10(p) > 0.

A total of 15,466 target genes were predicted using miRanda and RNAhybrid software, including 1,736 DEmiRNA targets. DEmiRNA targets were enriched into 108 KEGG pathways (Supplementary Table S5), of which significantly enriched immune- and human disease-related pathways included Cushing syndrome and Gastric cancer (Figure 5D). Interestingly, the signaling pathways mainly involved in DEmiRNA targets were almost identical to those involved in DEGs in the aforesaid immune pathways, such as MAPK, WNT, PI3K-AKT, and TGF-β (Supplementary Table S5).


3.5 DEmiRNAs targeting DEGs

Association analysis of DEmiRNAs and targeting DEGs revealed 366 DEmiRNA–DEG interactions. We selected known DEmiRNAs to construct their interactome with DEGs (Figure 6) and screened for DEmiRNA–DEG pairs associated with inflammation. For instance, miRNA-216b could negatively regulate the expression of wnt3a (|PCCs| = 0.66, p = 0.16). Ipu-miR-29c may be the regulator of smad3 (PCCs = 1, p = 0.00), traf4 (PCCs = 0.88, p = 0.02), txndc5 (PCCs = 0.83, p = 0.04), etc. Additionally, ipu-miR-217 could negatively direct the expression of ehf (|PCCs| = 0.83, p = 0.04).
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Figure 6 | Network analysis of the association between known differentially expressed miRNAs (DEmiRNAs) and their targeting differentially expressed genes (DEGs). Circular nodes represent known DEmiRNAs; diamond nodes represent target genes; short red vertical bars represent negative regulation, and green arrows represent positive correlation.


3.6 RT-qPCR verification of DEGs and DEmiRNAs

To confirm the reliability of RNA-seq and miRNA-seq, the DEG expressions associated with the MAPK, NF-κB, and WNT pathways and known DEmiRNAs were validated by RT-qPCR. Our findings exhibited almost identical expression patterns between RT-qPCR results of DEmiRNAs and DEGs and their respective transcriptome sequencing data, except for up-miR-489 (Figure 7).
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Figure 7 | RT-qPCR results of differentially expressed genes (DEGs) (A) and differentially expressed miRNAs (DEmiRNAs) (B) in the CK and G6 groups. Data describe mean ± SE (n = 3). Relative log2Fold Chang (log2FC) reveals the changes between two groups of samples in expression levels and normalized by change in the reference gene of mRNA (β-actin) or miRNA (U6). Asterisks indicate obvious differences in DEGs or DEmiRNAs validated by qPCR between two groups of samples (p < 0.05).


3.7 Microbial analysis of posterior intestine

Inflammation may contribute to the loss of intestinal microbiota balance; similarly, dysregulation of the microbiota may directly or indirectly affect the development of inflammation and immune-mediated pathologies. Thus, 16S rRNA sequencing was conducted in all groups to analyze the microbial composition of the posterior intestine. Our data presented that the highest number of 2,479 unique operational taxonomic units (OTUs) was observed in the CK group; interestingly, a reduced number of OTUs was presented in the glycinin-added groups (Figure 8A). There were 115 most shared OTUs between the G2 and CK groups. Principal coordinate analysis (PCoA) based on Unweighted_uniFrac further presented that the coordinates of the CK group were separated from the glycinin-added groups (Figure 8B). Alpha-diversity analysis suggested that there were no considerable differences between groups (Figure 8C). However, compared with those in the CK group, the indices such as Chao 1, Faith_pd, Shannon, and Observed_species displayed a downtrend in the glycinin-added groups (Figure 8C).
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Figure 8 | Microbial diversity in posterior intestine of Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂. (A) Venn analysis. (B) Principal coordinate analysis (PCoA). (C) Alpha-diversity analysis.

Microbial composition analysis showed that Proteobacteria (41.50% ± 8.05%), Fusobacteria (29.76% ± 8.74%), and Firmicutes (26.73% ± 7.81%) were identified as the predominant bacterial phyla of the posterior intestine from all groups (Figure 9A; Supplementary Table S6). Cetobacterium (29.56% ± 8.71%) had the highest abundance in all groups. However, the subdominant genera were different in different groups, with Plesiomonas (3.46% ± 1.18%) and Clostridiaceae Clostridium (1.87% ± 0.77%) in the CK group; Lactococcus (11.32% ± 1.86%), Aeromonas (11.41% ± 8.90%), and Plesiomonas (4.28% ± 2.69%) in the G2 group; and Lactococcus (31.33% ± 11.01%) and Plesiomonas (2.74% ± 0.85%) in the G4, G6, and G8 groups (Figure 9B; Supplementary Table S6). The average abundance at the species level was mainly dominated by Cetobacterium somerae (29.02% ± 8.54%) (Figure 9C; Supplementary Table S6).
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Figure 9 | Microbial composition in posterior intestine of Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂. (A) Phylum level. (B) Genus level. (C) Species level.

Linear discriminant analysis effect size (LEfSe) was performed to identify the steady difference in species between different groups (Figure 10). The results indicated that the phylum level abundances including Actinobacteria, Bacteroidetes, Acidobacteria, Chloroflexi, Chlamydia, Cyanobacteria, and TM6 presented significant reductions in the glycinin-added groups relative to the CK group. At the species level, based on the presence of a certain level of glycinin in this experimental diet, the relative abundances of Prauserella rugosa, Ruminococcus bromii, Bacteroides plebeius, Faecalibacterium prausnitzii, Reyranella massiliensis, Aliihoeflea aestuarii, Collinsella aerofaciens, Dorea formicigenerans, Clostridium perfringens, Clostridium clostridioforme, and Gemmiger formicilis were downward significantly comparable with those in the CK group. It is worth mentioning that the abundance of Leuconostoc fallax in the G6 group was remarkably upward compared to that in the CK group.
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Figure 10 | Linear discriminant analysis (LDA) effect size (LEfSe) analysis of posterior intestinal microbes in Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂. (A) CK vs. G2. (B) CK vs. G4. (C) CK vs. G6. (D) CK vs. G8. Blue or red nodes represent a notable rise in the abundance of the group represented by that color. Letters indicate the name of the flora or species with significant differences between groups. LEfSe scores of the significantly different microbiota are higher than the LDA threshold.

Pearson’s correlation analysis was employed to estimate the association between the expressions of inflammatory cytokine mRNAs and the abundances of differential species microbes (Figure 11). Significantly negative correlations were discovered between the abundances of R. bromii and C. perfringens and the il-10 expression (0.57 ≥ |PCCs| ≥ 0.52). Similarly, the abundance changes in P. rugosa, R. bromii, F. prausnitzii, A. aestuarii, C. perfringens, C. clostridioforme, and G. formicilis presented noticeable negative correlations with the tnf-α and il-15 expressions (0.78 ≥ |PCCs| ≥ 0.53). The abundances of P. rugosa and A. aestuarii showed an eminent opposite connection with the il-1β expression (0.63 ≥ PCCs ≥ 0.58). Contrarily, remarkable positive connections were displayed between the abundances of A. aestuarii, P. rugosa, and C. perfringens and the tgf-β1 expression (0.75 ≥ PCCs ≥ 0.65). The L. fallax abundance and the il-15 expression also showed an obvious positive relationship (PCCs = 0.53). The aforementioned results confirmed that dietary glycinin levels were associated with microbial modulation that was in turn associated with induced inflammation.
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Figure 11 | Correlation analysis between differential species microbes and the expressions of inflammatory cytokine mRNAs in posterior intestine of Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂. Brown indicates negative correlation, and green indicates positive correlation. The size of circle is positively correlated with Pearson’s correlation coefficient (PPC). Asterisks indicate notable distinctions (p < 0.05).

The KEGG pathway function annotation displayed that the microbial functional potential is primarily enriched in material metabolism, such as amino acids, carbohydrates, cofactors, and vitamins (Supplementary Figure S1A). Subsequently, MetagenomeSeq was performed to identify the metabolic pathways with significant differences between the CK group and the glycinin-added groups (Supplementary Figure S1, Supplementary Table S7). Results showed that relative to those in the CK group, 2, 16, 19, and 17 significant metabolic pathways were observed in the G2, G4, G6, and G8 groups, respectively. The S. aureus infection pathway was noticeably enhanced in the G2 and G6 groups (Supplementary Figures S1B, D). Nevertheless, more downregulated differential pathways were screened out in the G4, G6, and G8 groups, including Lysosome, Atrazine degradation, Cyanoamino acid metabolism, Proteasome, Polyketide sugar unit biosynthesis, NOD-like receptor signaling pathway, Protein digestion and absorption, Apoptosis, and Steroid biosynthesis (Supplementary Figures S1C–E).


3.8 Correlation analysis of DEmiRNAs and microbiota

Correlations between the expressions of DEmiRNAs and the abundances of differential species microbes in the posterior intestine are shown in Figure 12. The ipu-miR-29c expression showed a robust negative correlation with the L. fallax abundance (|PCCs| = 0.90); contrastingly, it was eminently positively correlated with the abundances of P. rugosa and C. perfringens (0.83 ≥ PCCs ≥ 0.82). Additionally, noticeable positive relationships were observed between the expressions of ipu-miR-217 and ipu-miR-216b and the abundances of P. rugosa and R. bromii (0.88 ≥ PCCs ≥ 0.85). Furthermore, there were dramatic positive correlations between the expressions of ipu-miR-216a and ipu-miR-459 and the abundances of R. bromii, B. plebeius, F. prausnitzii, R. massiliensis, A. aestuarii, C. aerofaciens, D. formicigenerans, C. clostridioforme, and G. formicilis (0.99 ≥ PCCs ≥ 0.83).
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Figure 12 | Correlation analysis between the expressions of known differentially expressed miRNAs (DEmiRNAs) and the abundances of differential species microbes in posterior intestine of Pelteobagrus fulvidraco ♀ × Pelteobagrus vachelli ♂. Brown indicates negative correlation, and green indicates positive correlation. The size of circle is positively correlated with Pearson’s correlation coefficients (PPCs). Asterisks indicate notable distinctions (p < 0.05).



4 Discussion

4.1 High levels of dietary glycinin reduced the activities of ATPase and Na+-K+-ATPase in posterior intestine

Homeostasis of fish intestinal function is an important defense line against exogenous antigen invasion. As a foreign antigen with strong immunogenicity, a small portion of glycinin that is difficult to enzymatically hydrolyze would maintain macromolecular activity and directly cross the intestinal barrier, stimulating the immune response of blood, lymph, and intestinal mucosa to generate intestinal dysfunction (12, 32). In this study, a significant positive correlation was observed between the glycinin contents in the posterior intestine and the levels of dietary glycinin, indicating that glycinin may exist in the form of macromolecules to damage the intestine. It should be emphasized that specific IgM against glycinin was notably increased in the blood of turbot that was given 8.31% dietary glycinin (7), suggesting that glycinin induced an immune response in fish.

To further explore the effect of dietary glycine on the absorption of intestinal nutrients in hybrid catfish, we examined the activities of ATPase and Na+-K+-ATPase in this study. ATPases are a type of membrane proteins that play an essential role in the transport of substances during cellular metabolism (33). Na+-K+-ATPase creates a beneficial transcellular Na gradient that is essential for the effective operation of Na-dependent nutrient co-transporters on the brush border membrane of intestinal epithelial cells and can indirectly indicate the absorptive ability of intestinal mucosa (34, 35). Our assay results presented that the activities of ATPase and Na+-K+-ATPase were dramatically diminished linearly with the increase of the dietary glycinin levels, suggesting that glycinin may interrupt the absorption of nutrients. The consistent results have also been reported in a study of mirror carp (Cyprinus carpio) (36). Consistently, RNA-seq results revealed that pathways associated with nutrient absorption and metabolism were obviously enriched by downregulated genes, including those related to fats, proteins, glycerophospholipids, minerals, amino acids, and vitamins. Furthermore, our earlier study indicated that high levels of dietary glycinin considerably reduced the protein efficiency ratio of feed and the crude lipid content of whole fish. These findings supported the additional lines of evidence that glycinin may influence the nutrient transport and absorption capabilities of enterocytes. It is notable that inhibited Na+-K+-ATPase activity in the inflamed mucosa was attributed to the elevation of specific inflammatory mediators (37). Similarly, the diminishment of Na+-K+-ATPase in chronic enteritis of rabbits inhibited the brush border membrane Na-glucose cotransport pathway (38).


4.2 High levels of dietary glycinin disturb the expressions of inflammatory cytokine mRNAs in posterior intestine

Glycinin entering the blood and lymph stimulated the intestinal mucosa to produce an immunologic response and cause changes in cytokines (8, 32). Cytokines of the intestine are central players in the regulation of immunological responses after mucosal insults and the dominance of homeostatic or inflammatory conditions (39). In a previous study, we noticed that the integrity of posterior intestinal conformation was impacted by 3.57% glycinin, while 5.45% and 7.27% dietary glycinin groups were more serious (27). Our results of this paper validated that the expressions of the pro-inflammatory genes (tnf-α and il-1β) and immunoregulatory gene (il-15) increased dramatically at 3.57% or higher dietary glycinin levels, whereas the expression of anti-inflammatory cytokine tgf-β1 was depressed by dietary glycinin, suggesting that excessive dietary glycinin may induce the occurrence of enteritis in hybrid yellow catfish. These were consistent with the research outcomes on golden crucian carp (C. carpio × Carassius auratus) (3), grass carp (12), hybrid grouper (Epinephelus fuscoguttatus ♀ × Epinephelus lanceolatus ♂) (32), and R. lagowskii Dybowski (6). During inflammation, immune cells rush into the intestinal mucosa, affecting the function of epithelial cells by producing IL-1 and TNF-α (40). Meanwhile, T lymphocytes mediate inflammatory suppression by secreting cytokines (IL-10 and TGF-β) to maintain intestinal homeostasis (41). IL-15, an immunoregulatory cytokine with multiple functions, evokes improved innate immunity to shape adaptive immunity, which is accompanied by the rise of its level following pathogenic encounters with the host (42). Furthermore, a prior study has shown that the administration of IL-15 results in the development of severe inflammatory arthritis (43).

Interestingly, the il-10 expression was considerably elevated in the G2, G4, and G6 groups in this research, while no notable distinction was observed in the CK and G8 groups. Activated monocytes and lymphocytes secrete IL-10 to inhibit the formation of pro-inflammatory cytokines (IL-1, IL-6, TNF-α, etc.); otherwise, the balance of pro- and anti-inflammatory systems may be disrupted with the continuous increase of pro-inflammatory cytokines, which may exacerbate the inflammation (44). Correspondingly, the high expression of il-10 mRNA under the stimulation of dietary glycinin may be an adaptive mechanism for the body to suppress the persistence and severity of inflammation, while 7.27% dietary glycinin may severely destroy the immune system homeostasis. Inconsistently, high levels of dietary glycinin induced an attenuated il-10 expression in the posterior intestine of turbot (7) and C. carpio var. Jian (45), which may be associated with the stage of the body’s inflammatory resistance mechanism or different exposure times to glycinin.


4.3 RNA-seq analysis of posterior intestine

To obtain insights into the underlying mechanisms of enteritis activated by glycinin, RNA-seq identified 4,246 DEGs between the CK and G6 groups in the posterior intestine of hybrid yellow catfish. As is well known, under the stimulation of exogenous heat sources, inflammatory neurotransmitters are released, activating immune cells and causing sustained tissue damage or repair. In this study, numerous upregulated DEGs by dietary glycinin were eminently enriched in the immune cell response-related KEGG pathways such as Complement and coagulation cascades, B cell receptor signaling pathway, Natural killer cell mediated cytotoxicity, Inflammatory mediator regulation of TRP channels, and Intestinal immune network for IgA production. Foreign antigens activate myeloid leukocytes, which are then degraded by leukocytes and presented to T cells (46). Subsequently, CD4+ T cells polarize and secrete special cytokines to execute immune function (47). As in higher vertebrates, natural killer (NK)-like cells and CD8+ T cells enable the elimination of infected cells and protect the host from severe damage (48). DEGs also were partly amassed in the T-cell receptor signaling pathway, Th1 and Th2 cell differentiation, and Th17 cell differentiation in this study (Supplementary Table S2), suggesting that glycinin activates the cellular immune response of fish intestine. B-cell receptors recognize pathogenic signals and trigger a series of intricate biological responses to play a role in humoral defense (49). Antigen–antibody binding activates the complement system, promoting processes such as inflammation and apoptosis (50). The interplay of complement and coagulation is crucial in the development and treatment of inflammation, which also involves the modulation of inflammatory cytokines (51). TRP channels in immune cells mediate the production and release of inflammatory mediators (52). The intestinal immune network for IgA production contributes to maintaining a peaceful bacteria–host interaction (53). Similarly, the response of the aforementioned pathways to pathogens has been pointed in fish such as P. vachelli (54), hybrid grouper (55), and Mandarin fish (Siniperca chuatsi) (56). It is a wonder that S. aureus infection was found in both the enrichment pathway of DEGs and the prediction of microbial functional potential, revealing that glycinin may increase the susceptibility of the fish intestine to pathogenic bacteria.

Differently, downregulated DEGs were noticeably enriched in the nutrient metabolism such as proteins, lipids, and amino acids. Significantly, downregulated microbial functional pathways in the G4, G6, and G8 groups were also clustered in metabolism including proteins and steroids. Consistently, our prior study validated that 6% or higher dietary glycinin significantly reduced feed protein conversion efficiency and the crude lipid content in entire fish and muscle of experimental fish (27), suggesting that glycinin not only caused the immunoreaction of the body but also led to the disorder of nutrient metabolism. Similar results were observed in enteritis induced by soybean meal in hybrid grouper (55).

Furthermore, the co-enrichment of DEGs and DEmiRNA target genes yielded intriguing results as the significant responses of the MAPK, NF-κB, and WNT pathways in glycinin-induced enteritis. MAPK and NF-κB, as classical signaling pathways of inflammation (57), have been declared on their response mechanism to glycinin in piglets (58), grass carp (12), C. carpio (59), etc. IL-17A/F1 promotes the expressions of il-1β, tnf-α, il-6, chemokines, and antibacterial peptides and activates the MAPK and NF-κB signal pathways in fish (60). Consistently, the validation of RT-qPCR indicated that the expressions of MAPK (map2k4, mapk13, hrasb, and hspb15) and NF-κB (il-17a/f1, il-6, nakp, nfkbiaa, and nfkbiab) pathway-related genes were upregulated by 5.45% dietary glycinin in hybrid yellow catfish intestine. Intriguingly, MAPK13 is one of the four p38 MAPKs that exert its function acting on pro-inflammatory signaling (61). As a subfamily of the MAPK superfamily, the p38 MAPK is essential in the inflammatory stress response (62), activated by various growth factors, inflammatory cytokines, or a range of environmental pressures (63). The p38 MAPK has been previously identified as being able to elevate the approachability of the hidden NF-κB binding sites to activate the NF-κB pathway (64). A recent study reported that hypoxic–ischemic conditions induce inflammation and enhance cytotoxicity through the p38MAPK/NF-κB pathways in microglial cells (65). Additionally, the present study demonstrated that glycinin exposure stimulated the WNT signaling pathway, involving the immunomodulation of inflammation characterized by increased wnt3a, fzd9b, and nlk2 mRNA expressions. Indeed, the WNT pathway and inflammatory signaling cascades interact significantly with each other (66). Wnt signaling is essential for modulating the immune system by controlling inflammatory cytokines including NF-κB and its associated genes (il-6, il-8, and tnf-α) (67) and manipulating the proliferation and differentiation of intestinal epithelial cells under inflammation conditions (66). Ayers et al. (68) reported that suppressing WNT signaling alleviates cholestatic injury by destroying the NF-κB-dependent inflammatory axis. Notably, past studies have suggested that WNT can synergistically drive tumorigenesis with ERK signaling (69) and can also cooperate with p38 MAPK to regulate cell proliferation (70). Nevertheless, further research is required to validate the significance of these findings in relation to inflammatory diseases.


4.4 MiRNA-seq analysis of posterior intestine

The role of miRNA has been considered in inflammation (71). It is well known that miRNA disturbances may affect multiple cellular pathways, as a single miRNA can control several target genes simultaneously. Lines of evidence suggest that numerous miRNAs, such as miR-192, miR-143, miR-21, miR-146a, miR-26a/26b, miR-126, and miR-200b, contribute to protecting or destroying the tight junctions of the intestine and involve the process of inflammation by inhibiting or stimulating immune cells such as T cells, neutrophils, macrophages, or monocytes (72). Apparently, abundant expressions of these miRNAs were also found in this study. Furthermore, our study suggested that 5.45% dietary glycinin noticeably attenuated the known miRNA expressions of ipu-miR-216a, ipu-miR-216b, ipu-miR-217, ipu-miR-184, ipu-miR-29c, and ipu-miR-459, showing that high levels of dietary glycinin may disrupt host miRNA expression patterns. Related studies have reported that the overexpression of miR-216a can inhibit lipopolysaccharide (LPS)-induced cell apoptosis and autophagy and regulate JAK2-STAT3 and NF-κB signal transduction to reduce inflammatory damage (73). MiR-216b has been extensively studied and identified as a regulator of inflammation as well as a factor that suppresses tumors (74). Additionally, miR-217 knockdown aggravated the inflammation in the endothelial cells of the human aorta, increasing IL-16, IL-β, and TNF-α levels (75). Similarly, miR-184 and miR-29c potentially participate in the signal transduction related to inflammation and apoptosis, and their overexpression suppressed pro-inflammatory cytokine release (IL-16, IL-β, etc.) in microglial inflammation triggered by LPS (76, 77). These results suggest that excessive feed glycinin may regulate the occurrence and development of intestinal inflammation by inhibiting inflammation-related miRNAs.

Correlation network analysis displayed that DEmiRNAs may regulate the inflammation-related genes to participate in glycinin-induced enteritis. Recent research indicated that hsa−miR−216a−3p manipulates cell hyperplasia in oral cancer through Wnt3a/β−catenin signaling (78). In our study, the expression of wnt3a may be regulated by ipu-miR-216b. Additionally, the smad3 gene controls inflammatory cell recruitment through TGF-β signaling (79). Earlier research about Crohn’s disease showed that TRAF4 represses the stimulation of NF-κB caused by NOD2 (80). TXNDC5 plays a role in initiating and progressing inflammation (81). The mRNA expression of the aforementioned regulatory factors may be regulated by ipu-miR-29c in glycinin-induced enteritis. Additionally, EHF is crucial for preserving the balance of epidermal and colonic epithelial tissues (82), and this gene may be regulated by ipu-miR-217 in this research. However, the specific miRNAs targeting regulatory relationships mentioned above need to be further studied.


4.5 Microbial analysis of posterior intestine

A plethora of studies have revealed a connection between intestinal microflora dysbiosis and inflammation (83–85). Exploring the response mechanisms of intestinal microbiota to glycinin-induced enteritis is a key process for understanding intestinal health. The diversity and stability of intestinal microbiota are closely related to fish diseases (86). In the present study, the alpha diversity of microflora in the posterior intestine was not eminently affected by dietary glycinin, but the richness indices (Chao 1 and Observed_species), the evolutionary diversity index (Faith_pd), and the number of OTUs showed a certain decreasing trend in the glycinin-added groups, especially in the high-level glycinin groups. In comparison to healthy fish, lower alpha diversity was detected in diseased fish including salmon (Plecoglossus altivelis) (86), yellow catfish (P. fulvidraco) (28), and grouper (E. coioides) (87). Microbial diversity may be reduced by high levels of glycinin to induce dysbiosis and inflammation. Previous research has reported that the active antimicrobial peptide segments produced by glycinin decomposition can inactivate microbial cells through cell membrane pores or membrane permeability (88).

In order to discover bacteria susceptible to glycinin, we explored phyla displaying significant reactions to dietary glycinin regardless of dosage. The results revealed that Proteobacteria, Fusobacteria, and Firmicutes were the main phyla, which is consistent with the core microbiota found in the intestine of P. fulvidraco (89), grass carp (90), and common carp (C. carpio L.) (91). It is noteworthy that relative abundances of Actinobacteria, Bacteroidetes, Acidobacteria, Chloroflexi, Chlamydia, Cyanobacteria, and TM6 significantly dwindled after adding a certain level of dietary glycinin in this experiment, which may be a specific manifestation of reduced microbial community richness by dietary glycinin. A study on Chinese mitten crab claimed that 80 g/kg dietary glycinin considerably increased the abundances of Actinobacteria and Proteobacteria in the intestine, while the abundance of Bacteroidetes was decreased (8). Nonetheless, the overall structure of intestinal microbiota was not significantly affected by dietary glycinin in turbot (7). These inconsistent results may be partly associated with differences in dietary glycinin levels, species, or aquaculture environment.

Correspondingly, the levels of dietary glycinin changed to varying degrees in the dominant microbiota at the genus level. Cetobacterium was identified as a superior genus in each group, with the representative being C. somerae. The metabolism of C. somerae produces acetic acid, which promotes insulin expression and glycometabolism and plays an important regulatory role in fish health (92). Clostridiaceae encompassing Clostridium appeared in higher abundance in the feces of dogs fed meat diets, indicating its potential correlation with protein digestibility (93). Intriguingly, both microbial function prediction and RNA-seq validated that the protein digestion and absorption pathway was significantly downregulated by dietary glycinin, which may be related to the attenuation of Clostridium abundance. The stimulation of Leuconostoc abundance in the G6 group should be noted. The inflammatory cases of Leuconostoc infection have been continuously reported (94, 95), and they are associated with potential and frequent gastrointestinal diseases (95).

Similar to the phylum level, most microbial species were significantly inhibited by the dietary glycinin of different levels, which further indicated that glycinin causes disruption of intestinal microbiota. Among them, R. bromii, F. prausnitzii, C. clostridioforme, and B. plebeius are potential probiotics, which produce secondary metabolites with strong biological activity such as short-chain fatty acids, mainly in the antibacterial, anti-tumor, or anti-inflammatory role, and protect the intestinal mucosal barrier from damage by foreign antigens (96–98). In addition, R. massiliensis was considered to enhance the stress resistance of tropical gars (Atractosteus tropicus) in adverse environments (99). A recent study also found the absence of most microflora, including D. formicigenerans, in Saudi inflammatory bowel disease (IBD0 patients (100). In contrast, C. perfringens, a conditioned pathogen secreting virulent toxins, triggers related intestinal diseases (101). There is relatively little research on P. rugosa, A. aestuarii, C. aerofaciens, and G. formicilis, particularly in the intestine of fish. All aforesaid results demonstrated that the ecological balance of microbial communities may be disrupted by dietary glycinin by inhibiting the intestinal microbiota reproduction of hybrid yellow catfish, especially potential probiotics.

Correlation analysis addressed the noticeable negative relationships among the remarkably different bacteria and the mRNA expressions of tnf-α, il-1β, and il-15. Khan et al. (102) found that F. prausnitzii inhibits the secretion of IL-8 activated by IL-1β in Caco-2 cells. In rheumatoid arthritis, with higher IL-6 levels, attenuated R. bromii was identified by machine learning (103). Additionally, the possible cause of inhibited C. perfringens could be an increase in il-10 expression. A study in chicken revealed il-10 production in necrotic enteritis induced by C. perfringens (104). These findings suggest that the reduced intestinal microbiota may be related to the occurrence of enteritis, but whether inflammatory cytokines are the direct factors that inhibit or facilitate the growth of intestinal microbes needs to be studied more comprehensively.


4.6 Correlation analysis of DEmiRNAs and microbiota

Past studies have revealed that host-derived miRNAs are vital for maintaining normal intestinal microbiota (21, 23). MiR-21, an important factor involved in the pathogenesis of intestinal inflammation, aggravated dextran sodium sulfate (DSS)-induced colitis in mice by affecting the intestinal microflora (105). Released miRNA is taken up by bacteria, e.g., Fusobacterium nucleatum and Escherichia coli, and combines with DNA to specifically manipulate gene expression and, consequently, alter microbial adaptability (24). Additionally, it is important to highlight that miRNA may indirectly affect microbial dysbiosis by regulating the production of cytokines (106). MiR-21 activates macrophages and naive CD4+ cells to release inflammatory mediators, intensifying colitis, which may indirectly influence the homeostasis of the microbiota (107).

Intriguingly enough, host miRNA expression is also affected by intestinal microbiota (108). A study demonstrated that probiotics including Lactobacillus fermentum and Lactobacillus salivarius restored the miRNA expression such as miR-143 in mice with DSS-induced colitis (109). Additionally, a certain study reported a strongly positive relationship between Faecalibacterium and hsa-miR-6833-5p (25). In our study, F. prausnitzii presented significant positive correlations with the expressions of ipu-miR-216a and ipu-miR-459. However, so far, there is no literature exploring the direct relationship between the microbes and the DEmiRNAs of this study. The microbiota may affect host miRNA expression through metabolites (e.g., short-chain fatty acids), bacterial endotoxins, and other factors, thereby influencing the host’s intestinal health (110, 111). Anzola et al. (112) deciphered that bacterial component LPS via TLR4/MyD88/NF-κB-AKT enhances miR-146a levels in non-tumoral rat ileal cells to affect inflammation. Nonetheless, the exact interaction mechanism between specific miRNAs and microorganisms still needs further research.



5 Conclusion

Taken together, dietary 5.45% or higher levels of glycinin induced enteritis through the MAPK/NF-κB/WNT pathway, and inflammatory state could disrupt micro-ecology balance by host-secreted miRNA in hybrid yellow catfish. Otherwise, the observations in this study regarding the partial immune regulatory network of intestinal mRNA, miRNA, and microbes are based on the transcriptional profiles obtained and should be further verified in future studies by in vitro experiments, luciferase assay, or fecal microbiota transplant experiments.
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Mastitis is a common inflammation of mammary glands that has a significantly impact on dairy production and animal health, causing considerable economic burdens worldwide. Elevated reactive oxygen species (ROS) followed by oxidative stress, apoptosis, inflammatory changes and suppressed immunity are considered the key biomarkers observed during mastitis. The Nrf2/KEAP1 signaling pathway plays a critical role in regulating antioxidant responses and cellular defense mechanisms. When activated by bioactive compound treatment, Nrf2 translocates to the nucleus and induces the expression of its target genes to exert antioxidant responses. This reduces pathogen-induced oxidative stress and inflammation by inhibiting NF-kB signaling in the mammary glands, one of the prominent pro-inflammatory signaling pathway. Here, we summarize recent studies to highlight the therapeutic potential of Nrf2/KEAP1 pathway in the prevention and treatment of mastitis. Collectively this review article aims to explore the potential of bioactive compounds in mitigating mastitis by targeting the Nrf2/KEAP1 signaling pathway.
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1 Introduction

Mastitis, an inflammation of the mammary glands, is characterized by increased inflammation, reactive oxygen species (ROS), and reduced immune effectiveness in the mammary gland tissues (1). This condition poses a significant challenge to the global dairy industry, leading to considerable financial burdens due to decreased milk yield, the need for therapies, reproductive issues, and the necessity for animal culling, as indicated by various studies (2–6). Globally, mastitis incurs substantial economic costs, estimated to be between US$19.7 billion and US$32 billion annually. In the United States alone, the annual economic loss due to mastitis is estimated at around US$2 billion (7, 8). In Canada, the dairy industry faces an annual financial loss of Can$400 million (equivalent to US$318 million), while in China, the estimated annual fiscal losses due to mastitis range between 15 (2.1 billion USD) and 45 (6.3 billion USD) billion Chinese Yuan (CNY) (9).

The multifaceted nature of mastitis as a disease is widely recognized in the scientific community (10). Mastitis is typically classified into clinical and sub-clinical forms. Clinical mastitis is characterized by pronounced pathological (redness, pain and fever) and physical changes (swollen and hot) in mammary gland tissues, while sub-clinical mastitis, particularly when caused by Staphylococcus aureus, often presents more subtly, with no obvious symptoms except for elevated milk somatic cell counts and a decrease in milk yield (11–17). The primary bacterial pathogens associated with mastitis include Escherichia coli, Streptococcus uberis, S. dysgalactiae, and S. aureus (18). The susceptibility of animals to mastitis is influenced by various factors such as the anatomical positioning of the udder, lactation stages, age, and conditions during the periparturient period (18–20).

The periparturient period is particularly critical, as animals experience a negative energy balance, leading to suppressed immunity, enhanced inflammatory responses, and an overproduction of ROS (21). This imbalance necessitates increased oxygen consumption for cellular respiration, thereby inducing oxidative stress (22). Factors such as a high body condition score (BCS), elevated levels of non-esterified fatty acids (NEFA), and β-hydroxybutyric acid (BHB) have been identified as significant contributors to the augmentation of ROS production during periparturient period (21–24). The elevated levels of oxidative stress activate the nuclear factor kappa B (NF-κB) signaling pathways, which in turn promote inflammatory changes in the mammary glands (25, 26). Additionally, the relationship between negative energy balance-induced oxidative stress, suppressed immunity, and heightened inflammatory changes is clearly depicted in Figure 1. Oxidative stress is a pivotal factor associated with compromised immunity and the intensification of inflammatory responses, thereby facilitate the pathogenesis of mastitis (1, 21, 22, 27). In response, several recent investigations have underscored the efficacy of antioxidant supplementation in mitigating oxidative stress and, consequently, alleviating mastitis (28–32).

[image: Flowchart depicting the relationship between negative energy balance (NEB) in periparturient animals and vulnerability to mastitis. It shows excessive mobilization of lipids and metabolic stress leading to high NEFA and BHB levels. This causes overexpression of NF-kB signaling, disrupting immune and inflammatory responses, increasing ROS and susceptibility to mastitis. The diagram includes a cross-section of a cow's udder.]
Figure 1 | The interplay among negative energy balance induced oxidative stress, immunity and inflammation during periparturient period (1). When there is a negative energy balance, the process of lipolysis is enhanced by metabolic/oxidative stress. The excessive lipid mobilization elevates inflammation and disrupts the immunity via regulation of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB) signaling. non-esterified fatty acids (NEFA); β-Hydroxybutyrate (BHB); tumor necrosis factor α (TNF-α); negative energy balance (NEB); reactive oxygen species (ROS).

Given the complex genetic mechanisms of mastitis, the erythroid-2 related factor 2/Kelch-like ECH-associated protein 1 (Nrf2/KEAP1) signaling pathway has received significant attention due to its crucial role in regulating antioxidant responses and reducing oxidative distress (33, 34). Notably, several bioactive compounds such as Metformin and Resveratrol have been demonstrated to significantly upregulate Nrf2 levels and activate antioxidant response elements, thereby attenuating oxidative stress and ameliorating mastitis induced by lipopolysaccharide (LPS) (35, 36). In light of the critical function of Nrf2/KEAP1 signaling pathway in the context of mastitis, the present study endeavors to elucidate the research trajectory concerning key pharmacological agents and antioxidants targeting this pathway as a preventative strategy against mastitis in animals.




2 Methodology

This review article was synthesized based on an extensive examination of literature primarily published from 2018 to 2024. Additionally, seven articles published between 2015 and 2017, and one study from 2009, were also considered for discussion in current review article. The search for relevant literature was conducted through distinguished academic databases such as X-MOL, Web of Science, Google Scholar, and PubMed. Keywords utilized in this search included ‘Nrf2/KEAP1 signaling pathway,’ ‘inflammation,’ ‘apoptosis,’ ‘antioxidant,’ ‘oxidative stress,’ ‘mastitis,’ and ‘bioactive compounds,’ with a focus on their antioxidant and anti-inflammatory properties. Inclusion criteria were restricted to articles published in journals indexed in the Science Citation Index (SCI) and in the English language. Exclusions were made for book chapters, articles published in non-SCI indexed journals, and those written in languages other than English. This methodological approach ensured a focused and comprehensive review of the relevant scientific literature.




3 Role of oxidative stress in the pathogenesis of mastitis

During bacterial infections, there is a marked increase in the production of ROS, which play a crucial role in pathogen clearance while also contributing significantly to the initiation and amplification of inflammatory signaling pathways (37, 38). Mastitis, often caused by bacterial pathogens such as S. aureus or E. coli, elicits a robust immune response. This response is primarily characterized by the recruitment and activation of innate immune cells, especially neutrophils and macrophages, at the site of infection (39, 40). These immune cells utilize ROS generation as a critical mechanism to combat invading pathogens (41–43). Immune cells like neutrophils, upon encountering pathogens, undergo a process known as the oxidative or respiratory burst. This rapid release of ROS, including hydrogen peroxide (H2O2) and superoxide radicals, acts as a powerful antimicrobial strategy aimed at destroying the invading microorganisms. However, while ROS are essential in pathogen clearance, excessive or prolonged production can result in tissue damage. In mastitis, the inflammatory process leads to the activation of endothelial cells in the mammary gland, which in turn increases vascular permeability. This heightened permeability facilitates the infiltration of immune cells to the infection site, but it also contributes to increased ROS production from both endothelial cells and the infiltrating immune cells.

Inflammation and infection also stimulate the release of various cytokines and chemokines, which are signaling molecules that regulate the immune response. Some of these molecules further activate immune cells, resulting in additional ROS production. Notably, cytokines such as tumor necrosis factor α (TNF-α), interleukin-1 β (IL-1β), and interleukin-6 (IL-6)—all of which are commonly elevated during mastitis—can enhance ROS production through immune cell activation. The combined effects of pathogen presence and immune system activation can lead to tissue damage and cellular stress within the mammary gland. Stressed and damaged cells, as a result of altered metabolic and physiological states, can produce ROS as a byproduct. Under normal physiological conditions, the body’s antioxidant defenses maintain a balance to prevent excessive ROS production and subsequent tissue damage. However, during mastitis, the increased ROS levels can overwhelm these natural defenses, leading to oxidative stress (44). In brief, when LPS enters the body, it activates Toll-like receptors (TLRs) on immune cells such as mast cells, macrophages, and epithelial cells, leading to the production of ROS. These ROS contribute to oxidative stress, which drives tissue damage and inflammation in mastitis. Elevated ROS damages cellular components, including lipids, proteins, and DNA, while also activating IKK (IκB kinase), which leads to the degradation of IκB proteins. This allows NF-κB to move into the nucleus, where it promotes the expression of pro-inflammatory cytokines like TNF-α, IL-6, and IL-1β, as well as chemokines that recruit immune cells—key events in the inflammatory phase of mastitis. Additionally, excessive ROS, often resulting from mitochondrial dysfunction and chronic inflammation, can prevent the degradation of Keap1. This inhibits NRF2 from dissociating from Keap1, impairing its ability to activate antioxidant defense mechanisms (Figure 2).

[image: Diagram depicting the pathway of bacterial lipopolysaccharide (LPS) leading to mastitis. LPS from bacteria triggers oxidative stress via reactive oxygen species (ROS), causing mitochondrial damage. This activates Nf-ĸB signaling and apoptotic signaling, leading to apoptosis. Nrf2 translocates to the nucleus, affecting genes involved in antioxidant defense. The diagram illustrates prevention of inflammation and mentions key proteins and enzymes like CUL3, KEAP1, SOD, and others.]
Figure 2 | The underlined molecular mechanism during mastitis development. The LPS increased the ROS production. Elevated ROS disrupts the oxidant and antioxidant balance via blocking the entry of Nrf2 to nucleus. Additionally, elevated oxidative stress triggers the activation of NF-κB and apoptotic signaling pathways, leading to inflammatory changes, injury to mammary gland cells, and subsequent development of mastitis. Kelch-like ECH-associated protein 1 (KEAP1), tumor necrosis factor α (TNF-α), interleukin-1 β (IL-1β), and interleukin-6 (IL-6), nuclear factor erythroid 2-related factor 2 (Nrf2), cullin 3 (CUL3), heme oxygenase 1 (HO-1), antioxidant response elements (AREs), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and NAD(P)H quinone oxidoreductase 1 (NQO1).

Several recent studies have demonstrated that LPS, not only triggers innate immune responses but also induces oxidative damage and apoptosis (45–49). The imbalance between the antioxidant capabilities of the mammary gland and the excessive ROS production—driven by the high metabolic activity of the gland—contributes significantly to the development of mastitis. This imbalance is a major factor leading to decreased milk yield and quality (50, 51). Beyond bacterial infections, other factors such as negative energy balance, heat stress, and environmental toxins can also induce oxidative stress in the mammary gland, leading to further cellular damage (28, 52–56). Given these insights, reducing oxidative stress within mammary gland tissue represents a promising strategy for mitigating mastitis in animals. To effectively combat this condition, it is essential to conduct comprehensive research into the mechanisms underlying oxidative stress and apoptosis in the mammary glands. Understanding these pathways will aid in developing targeted interventions aimed at reducing oxidative damage and improving overall animal health and productivity (57).




4 Bioactive compounds boost antioxidant and anti-inflammatory responses by activating Nrf2/KEAP1 signaling pathway to combat mastitis

Bioactive compounds interact with and inhibit the activity of KEAP1, a cytoplasmic repressor that binds to NRF2 under normal conditions. When KEAP1 is inhibited, NRF2 is released and translocates to the nucleus. Nrf2, upon translocating to the nucleus, binds to antioxidant response elements (AREs) located in the promoter regions of various genes (52). This binding activates the expression of key antioxidant genes, including heme oxygenase-1 (HO-1), superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), and NAD(P)H quinone oxidoreductase 1 (NQO1) (Figure 3) (58, 59). The increase in these enzymes enhances the cell’s antioxidant capacity, reducing oxidative stress by neutralizing ROS. Bioactive compounds can inhibit the activation of the NF-κB pathway by preventing the degradation of inhibitor of kappa B (IκBα), which keeps NF-κB inactive in the cytoplasm. The one possible mechanism associated with suppression might be due to the inhibition of ROS via upregulating the antioxidant status. By inhibiting the translocation of NF-κB to the nucleus, the transcription of pro-inflammatory genes (such as TNF-α, IL-1β, and IL-6) is reduced (60–63). This result in a decrease in the production of inflammatory cytokines and chemokines, leading to reduced inflammation. Considering the critical role of the Nrf2/KEAP1 signaling pathway, a large number of bioactive compounds such as phytoncide, melatonin, Chinese propolis, bergenin, and resveratrol etc., have been systematically evaluated for their regulatory effects on this pathway to alleviate mastitis in animals (64–68).

[image: Diagram illustrating the protective role of bioactive compounds targeting Nrf2 signaling in mammary gland cells. Bacterial lipopolysaccharide (LPS) induces oxidative stress leading to ROS production. Nrf2 translocates to the nucleus, enhancing antioxidant response. This prevents NF-kB signaling and apoptosis, reducing inflammation and mastitis.]
Figure 3 | Mechanism of activating the Nrf2/KEAP1 signaling pathway to counteract oxidative stress and subsequent inflammatory reactions, including mastitis, induced by LPS through the administration of bioactive compounds from an external source. Upon administration, the bioactive compound triggers the activation of Nrf2. This activated Nrf2 then translocates to the nucleus, where it forms a heterodimer with small Maf proteins (sMaf) by binding to SMAF. This Nrf2/sMaf heterodimer specifically binds to a cis-acting enhancer known as the antioxidant response element (ARE), initiating the transcription of a range of antioxidant genes. These ARE-regulated genes play a crucial role in blocking oxidative stress and inhibiting the NF-kB signaling pathway activated by LPS. Additionally, they enhance antioxidant and anti-inflammatory responses, thereby preventing inflammatory changes in mammary epithelial cells.



4.1 Bioactive compounds boost antioxidant and anti-inflammatory responses by activating Nrf2/KEAP1 signaling to combat mastitis: in vitro evidence

It has been well established through in vitro experiments that bioactive compounds can enhance the activation of the Nrf2/KEAP1 signaling pathway. This activation leads to improved antioxidant defenses and potential therapeutic benefits in mastitis. This section focuses on the specific mechanisms by which these compounds influence the Nrf2/KEAP1 signaling cascade. By providing insights into their role in combating mastitis at the cellular level, this section enhances our understanding of how these compounds work.

Consistently, the administration of Tanshinone IIa to LPS-stimulated cow mammary epithelial cells (CMECs) was observed to have positive effects (62). In addition, it was found that Tanshinone IIa reduced oxidative stress markers, restored mitochondrial function, and enhanced antioxidant enzyme activity by activating the Nrf2/Keap1 signaling pathway (62). The study conducted by Kang et al. (64) explored the effects of phytoncide extracted from pinecones on BMECs, specifically focusing on its anti-inflammatory and antioxidant properties using an in vitro model. To induce inflammation, the cells were treated with LPS. Their findings revealed that phytoncide significantly reduced the expression of pro-inflammatory cytokines such as TNF-α, IL-6, and IL-1β. Moreover, it inhibited the NF-κB signaling pathway (64). Furthermore, phytoncide was found to activate Nrf2 and enhance the antioxidant response in BMECs. Similarly, in a study conducted by Yu et al. (65), BMECs were pre-treated with melatonin (43 µM and 430 µM) for 12 hours prior to LPS stimulation (100 ng/mL) for an additional 12 hours to induce inflammation. Their results showed that melatonin inhibited the LPS-binding protein–CD14–TLR4 signaling pathway, leading to a decrease in pro-inflammatory mediators and an increase in anti-inflammatory responses, followed by enhanced antioxidant defenses through the activation Nrf2 pathway (65). The protective effects of Chinese propolis on BMECs against damage caused by LPS- induced mastitis. Briefly, Chinese propolis preserved cell viability in bovine mammary cells exposed to pathogens and reduced pro-inflammatory cytokine expression (IL-6, TNF-α). It also boosted antioxidant gene expression (HO-1, Txnrd-1, GCLM) and inhibited NF-κB activation while enhancing Nrf2-ARE activity, which are key pathways in inflammation and oxidative stress defense (66). In a related study, Ma X et al. (69) explored the protective effects of selenomethionine against inflammatory injury and oxidative damage in BMECs induced by Klebsiella pneumoniae (K. pneumoniae). Their findings revealed that K. pneumoniae suppresses the Nrf2 signaling pathway and antioxidant enzyme activity, resulting in elevated inflammatory cytokine levels and activation of the NF-κB pathway. However, pre-treatment with 4 μM selenomethionine prior to infection effectively protected BMECs by activating Nrf2 signaling and inhibiting NF-κB activation, thus mitigating both inflammation and oxidative stress (69).

A study investigated the cytoprotective effects of resveratrol on BMECs exposed to oxidative stress induced by H2O2 (67). Resveratrol pretreatment rescued cell viability, reduced intracellular ROS accumulation, and prevented endoplasmic reticulum stress and mitochondria-related apoptosis. It also upregulated the expression of multiple antioxidant defense genes (Nrf2, HO-1, TrxR-1 and xCT), playing a key role in bolstering the cells’ antioxidant mechanisms. Furthermore, they noticed that the protective effects of resveratrol were dependent on the activation of the Nrf2, with its induction mediated by the phosphoinosi-tide-3-kinase/protein kinase B (PI3K/Akt) and ERK/MAPK pathways and negatively regulated by the p38/MAPK pathway (67). Furthermore, Ma Y et al. (70) demonstrated that green tea polyphenols (GTPs) protect BMECs from inflammation, oxidative stress, and apoptosis induced by H2O2 (500 μM for 12 h). The BMECs were pre-treated with various concentrations of GTPs before being exposed to H2O2 to induce oxidative damage. It was found that GTPs treatment significantly decreased the level of MDA and increased the expressions of Nrf2, HO-1, SOD, CAT, and GSH-Px, indicating enhanced antioxidant capacity and reduced oxidative stress in BMECs (70). Moreover, Zhu et al. (71) elucidated the role of Ubiquitin-specific protease 14 (USP14) in mediating LPS-induced oxidative stress and ferroptosis, leading to the regulation of IL-6. They found that Ferrostatin-1 (Fer-1) upregulated Nrf2 levels following the suppression of oxidative stress, highlighting its potential in mitigating oxidative stress-induced damage in the goat MECs (71). Supplementation with methionine and arginine has been evidenced to ameliorate oxidative stress and inflammation provoked by LPS in BMECs (72). They administered methionine and arginine and incubated for 12 hours followed by LPS (1 μg/mL) treatment obtained from E. coli. These nutrients downregulated the expressions of chemokine (C-X-C motif) ligand 2 (CXCL2) and IL-1β and upregulated the levels of solute carrier family 36 member 1 (SLC36A1) and solute carrier family 7 member 1 (SLC7A1), thereby mitigating inflammatory alterations in the mammary gland. Additionally, Dai et al. (72) observed heightened levels of NFE2L2, SOD2, NQO1, and GPX1, indicative of enhanced antioxidant status following methionine and arginine supplementation. Consequently, a study has shown that LPS (1μg/mL) induced inflammatory changes such as elevated expressions of TNF-α, IL-1β, and IL-6 and heightened oxidative stress through the inhibition of Nrf2, HO-1, NQO-1, and thioredoxin reductase 1 (TXNRD1) in BMECs. However, hydroxytyrosol (10 and 25 μM) treatment prevented LPS-induced mastitis by increasing the levels of Nrf2, HO-1, NQO-1, TXNRD1, TNF-α, IL-1β, and IL-6 in mammary gland tissue (73). Similarly, Guo et al. (74) demonstrated that butyrate mitigates oxidative stress and inflammatory responses by reducing the levels of TNF-α, IL-1β, and IL-6, while enhancing the expression of SOD2, Nrf2, and AMP-activated protein kinase (AMPK) in BMECs. These actions contribute to protecting the mammary gland against LPS-induced mastitis. Additionally, vitamin A supplementation was shown to prevent LPS-induced oxidative stress by upregulating Nrf2 and GPX expression and downregulating NF-κB, IL-1, and IL-1β (75, 76).

Astragaloside IV, an extract from Astragalus membranaceus (Fisch) Bunge, prevented ammonia-induced oxidative stress and apoptosis by augmenting the expression of HO-1, xCT (also known as SLC7A11), and Nrf2 signaling, and suppressing Bax, caspase 3, p53, while upregulating Bcl2 levels (77). Furthermore, they elucidated that Astragaloside IV regulates Nrf2 signaling via the activation of PI3K/AKT and mitogen-activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathways in BMECs (77). Consequently, it has been documented that melatonin (1 mM) inhibited LPS-induced oxidative stress and inflammation in mouse mammary gland tissue (78). Furthermore, the melatonin treatment significantly downregulated the levels of TNF-α, IL-1β, IL-6, CXCL1, monocyte chemoattractant protein-1 (MCP-1), and regulated upon activation normal T-cell expressed and secreted (RANTES), enhanced Nrf2 levels, and suppressed inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2) (78). Puerarin supplementation (400 mg mixed with a standard diet daily) has been shown to significantly reduce inflammatory cytokines and somatic cell count (SCC) in the milk of cows with mastitis. Additionally, Puerarin (40 µM) treatment was found to decrease the expression of NF-κB-associated inflammatory factors (IL-6 and IL-8) while increasing the levels of Nrf2 and its associated antioxidant genes (GSH, SOD, CAT), thereby mitigating inflammation and oxidative stress induced by H2O2 (400 µM) in BMECs (79). This in-vitro compilation emphasizes the therapeutic potential of targeting Nrf2/KEAP1 signaling as a strategy for managing mastitis in animals. It also highlights the need for additional research in this field to fully utilize the benefits of bioactive compounds in animal health and disease management. For ease of reference, the roles of various bioactive compounds in preventing and reducing mastitis, particularly through the regulation of Nrf2/KEAP1 signaling pathway, are summarized in Table 1.

Table 1 | Bioactive compounds targeting Nrf2/KEAP1/HO1 signaling pathway to combat mastitis: In vitro evidence.


[image: A table lists various therapeutic agents and their effects on different signaling pathways in response to induced stresses, such as mastitis and oxidative stress. Columns detail the causative agent, therapeutic agent dosage/method, target pathway, outcomes, experimental model, and references. Outcomes include descriptions of cellular processes influenced, such as activation of signaling pathways, reduction of inflammation, enhancement of antioxidant responses, and modulation of oxidative stress markers. Experimental models used are primarily bovine mammary epithelial cells (BMECs) and mouse mammary epithelial cells (MMECs). References are listed numerically.]



4.2 Bioactive compounds boost antioxidant and anti-inflammatory responses by activating Nrf2/KEAP1 signaling to combat mastitis: in vivo evidence

Recent in vivo studies have demonstrated that bioactive compounds can significantly enhance antioxidant and anti-inflammatory responses by activating the Nrf2/KEAP1 signaling pathway, offering a promising therapeutic approach for combating mastitis. For example, a study conducted by Ding et al. (102) investigated the effects of Rutin supplementation on goat mammary gland tissue during the periparturient period. The researchers administered Rutin at doses of 50 and 100 mg/kg body weight per day for 28 days prior to and 28 days after parturition. The results showed significant reductions in the levels of BHB and MDA, two markers of oxidative stress, and increased expressions of Nrf2, CAT, GSH-Px, SOD, and T-AOC, indicating enhanced antioxidant activity in the mammary gland tissue. Furthermore, the study found that Rutin treatment effectively prevented apoptosis and inflammation in the mammary gland. This was evidenced by the suppression of pro-apoptotic proteins Bax, caspase-3, and caspase-9, and the elevation of the anti-apoptotic protein Bcl2. These changes in apoptotic markers contributed to the preservation of mammary gland health (102). In addition to its anti-apoptotic effects, Rutin also exhibited anti-inflammatory properties. It downregulated the expressions of the pro-inflammatory cytokine TNF-α and the transcription factor NF-κB, thus mitigating inflammatory changes in the mammary tissue of goats during the periparturient period (102). In a separate study, Lebda et al. (103) established an LPS-induced rat mastitis model and supplemented it with nanocurcumin at a dose of 35 mg/kg body weight, administered orally for a 14-day period. They found that nanocurcumin increased antioxidant activity by increasing the expressions of Nrf2 and GSH-Px and decreasing MDA levels. Additionally, nanocurcumin reduced inflammation by decreasing the expressions of TNF-α, IL-1β, TLR4, NF-κB p65, and high mobility group box 1 (HMGB1) (103). Moreover, extensive research has demonstrated that supplementation with cis-9, trans-11 conjugated linoleic acid (CLA) at a dosage of 70 g can enhance the anti-inflammatory and antioxidant responses in BMECs in response to LPS-induced inflammation and oxidative stress (104–106). Additionally, these studies have reported elevated blood glucose levels and reduced concentrations of BHB in cows receiving CLA supplementation (104–106). Additionally, it was observed that the positive effects mentioned above were a result of the upregulation of Nrf2 and the suppression of autophagy induced by ROS when CLA supplementation was introduced. This, in turn, contributed to the promotion of mammary gland health (107). Consistently a study found that sulforaphane administration to mice at a dose of 50 mg/kg/day/intraperitoneally 7 days LPS in mice. Following sulforaphane administration, to create mastitis model, LPS was injected into the mammary ducts of the mice (108). These findings were further validated in vitro using primary goat mammary epithelial cells (GMECs) treated with both sulforaphane (20 µM) and LPS. In both in vivo and in vitro experiments, sulforaphane significantly decreased the expression of inflammatory cytokines and the protein levels of key inflammatory mediators (101, 108). A study found that corynoline intraperitoneal injection in mice significantly reduced the expression of pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, in the mammary tissues of LPS (intramammary)-induced mice. Furthermore, the findings of the study showed that corynoline exerted its protective effect to enhance antioxidant response by regulating the AKT/GSK3β/Nrf2 signaling pathway (33). Furthermore, a study used in vivo experiments where cows were treated with rumen-bypassed niacin (30g/day), and in vitro studies using primary BMECs (34). They documented that niacin reduced somatic cell counts (SCCs) and inflammatory markers (IL-6, IL-1β, TNF-α) in both blood and milk of mastitis infected cows. Niacin activated the GPR109A receptor, phosphorylated AMPK, and promoted NRF-2 nuclear import, ultimately reducing inflammation through enhanced autophagy (34). Another study demonstrated the effectiveness of resveratrol in reducing the inflammatory response and oxidative damage caused by S. uberis infection in mice mammary gland tissues and both in vitro and in vivo trials supported these findings (36). The study also revealed that resveratrol activates the Nrf2 signaling pathway, which is responsible for regulating cellular antioxidant responses. Additionally, resveratrol was found to promote the degradation of Keap1 through p62 activation. This, in turn, led to increased expression of Nrf2 and its downstream antioxidant pathways (36). Therefore, it can be concluded that resveratrol’s activation of the p62-Keap1/Nrf2 signaling pathway successfully reduces oxidative damage and inflammation caused by S. uberis infection. Consistently, another study reported that LPS (10 μg/mL)-induced mastitis in mouse model was effectively treated with Caffeic acid at a dosage of 10 mg/kg administered intramammarily. This treatment modulated the NF-κB/Nrf2 signaling pathway, significantly reducing LPS-induced ROS production, which drives inflammatory changes and oxidative stress in mammary gland epithelial cells. Caffeic acid prevented the activation of NF-κB by activating IκBα and promoted the dissociation of Nrf2 from its cytoplasmic inhibitor Keap1 (47). By elevating Nrf2 levels and suppressing NF-κB activity, caffeic acid enhanced the antioxidant response, alleviated inflammation, and mitigated damage to mammary tissue. Furthermore, it inhibited the oxidative burst and neutrophil chemotaxis, demonstrating protective effects in MMECs (47). In a study on LPS-induced mastitis (100 µg/intramammary), Wogonin, a flavonoid derived from medicinal plants (also known as 5,7-dihydroxy-8-methoxyflavone), was administered intraperitoneally at a dosage of 40 mg/kg. They found that Wogonin treatment by targeting NF-κB/Nrf2/HO-1 signaling pathway, significantly inhibited of inflammation by reducing the expression of NF-κB, TNF-α, and IL-1β. Moreover, it enhanced the antioxidant response by increasing levels of Nrf2, HO-1, GSH, and SOD, while simultaneously decreasing MDA levels in MMECs (108). All of the studies that reported the in vivo effects of bioactive compounds in the treatment of mastitis by targeting Nrf2 signaling pathway have been summarized in Table 2.

Table 2 | Bioactive compounds targeting Nrf2/KEAP1 signaling pathway to combat mastitis: in vivo evidence.
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5 Limitations and future directions

Most of the evidence presented is based on preclinical studies involving cell cultures and animal models. However, there is a lack of clinical trials in actual dairy herds, which limits the direct applicability of these findings to real-world farming practices. The transition from laboratory research to practical applications in dairy farming remains underexplored. To translate preclinical findings into practical applications, it is essential to conduct well-designed clinical trials and field studies in dairy herds. These studies should assess the effectiveness, safety, and economic viability of bioactive compounds in preventing and treating mastitis in real-world settings.

The review emphasizes the beneficial effects of bioactive compounds in reducing oxidative stress and inflammation. However, it does not fully address the potential unintended effects, such as toxicity or interference with other cellular pathways. These aspects require careful consideration, especially in long-term or high-dose applications.

Several studies have shown that Nrf2 signaling plays a complex and multifaceted role in cancer development and progression (119–122). When Nrf2 is overactivated, it can enhance antioxidant responses. While this is beneficial under normal circumstances, it may inadvertently support tumor growth and resistance to therapy by promoting cellular survival pathways. On the other hand, some research suggests that Nrf2 could be a potential target for cancer treatment, indicating that regulating its activity could suppress tumor progression (123). These findings highlight the dual nature of Nrf2 in cancer biology. Given these insights, it is crucial to carefully assess the biological impact of Nrf2, particularly its overactivation, in future research on mastitis mitigation. Understanding the potential negative effects of Nrf2 overactivation will be essential to prevent unintended consequences and ensure the effectiveness of therapeutic interventions.

Future studies should explore the potential synergistic effects of combining multiple bioactive compounds or integrating them with existing therapeutic strategies. Such combinations might enhance efficacy and reduce the likelihood of resistance or side effects. Investigating the long-term impact and safety of bioactive compound supplementation in animals is crucial. These studies should consider potential off-target effects, the impact on milk quality and yield, and overall animal health and welfare. Beyond the biological effects, future research should assess the economic feasibility of using bioactive compounds on a large scale in dairy farming. Additionally, the environmental impact of their use, including any potential residues in milk and their effects on ecosystems, should be thoroughly evaluated.




6 Conclusion

In conclusion, the review highlights the pivotal role of the Nrf2/KEAP1 signaling pathway in combating mastitis through the regulation of antioxidant and anti-inflammatory responses. The evidence underscores the therapeutic potential of bioactive compounds, which activate Nrf2/KEAP1 signaling pathway, in enhancing antioxidant defenses, reducing inflammation, and mitigating cellular damage in mammary tissues. These compounds offer promising avenues for improving the health of dairy animals, particularly in the context of mastitis management. However, despite the significant progress in understanding the molecular mechanisms by which these bioactive compounds exert their effects, further research is needed to optimize their use in practical settings. Future studies should focus on combination strategies of these compounds to maximize their efficacy in preventing and treating mastitis. Moreover, the exploration of additional bioactive compounds and their interactions with other cellular pathways could provide deeper insights into their broader applications in animal health. Finally, to translate the findings from preclinical research into practical applications, it is crucial to carry out meticulously designed clinical trials and field studies within dairy herds in future.
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Post-translational modifications such as SUMOylation are crucial for the functionality and signal transduction of a diverse array of proteins. Analogous to ubiquitination, SUMOylation has garnered significant attention from researchers and has been implicated in the pathogenesis of various human diseases in recent years, such as cancer, neurological lesions, cardiovascular diseases, diabetes mellitus, and so on. The pathogenesis of diabetes, particularly type 1 and type 2 diabetes, has been closely associated with immune dysfunction, which constitutes the primary focus of this review. This review will elucidate the process of SUMOylation and its impact on diabetes mellitus development and associated complications, focusing on its regulatory effects on the immune microenvironment. This article summarizes various signaling pathways at both cellular and molecular levels that are implicated in these processes. Furthermore, it proposes potential new targets for drug development aimed at the prevention and treatment of diabetes mellitus based on insights gained from the SUMOylation process.
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1 Introduction

In the context of globalization, diabetes mellitus (DM) has emerged as a critical public health issue and a substantial economic burden on healthcare systems worldwide. The estimated prevalence of DM in the adult population was 10.5% in 2021, with projections indicating a continued rise in prevalence, as reported in the survey (1). From 2007 to 2017, there was a notable increase in the prevalence of DM among Chinese adults, and the number of diabetes-related risk factors remained uncontrolled (2). Therefore, addressing the challenge posed by DM has emerged as an urgent priority for the public health protection system. DM is a group of metabolic disorders that are characterized by hyperglycemia. Based on the diagnostic and classification criteria set forth by the American Diabetes Association (ADA), DM is classified into four categories: type 1 diabetes mellitus (T1DM), type 2 diabetes mellitus(T2DM), gestational diabetes mellitus (GDM), and other types of DM. T1DM is regarded as an autoimmune disease, which is characterized by the autoimmune destruction of pancreatic β-cells. T2DM constitutes over 90% of all DM types, with a more intricate underlying mechanism than that of T1DM. This condition is marked by insulin resistance and a relative insulin deficiency (3, 4). DM is frequently a multifactorial disease that can present in various forms, including immune dysregulation, glucose metabolism disorders, insulin resistance, and β-cell destruction (5). In these cases, immune dysfunction exerts an influence on the development of DM, which is caused by various factors and contributes to the onset of DM and its associated complications (6, 7).

Since the initial identification of small ubiquitin-like modifier (SUMO) proteins in 1996, these proteins have increasingly been recognized as versatile and important post-translation modifications (PTMs) (8). SUMO proteins constitute a family of proteins that modulate their function through the processes of associating with other proteins (SUMOylation) and dissociating from them (deSUMOylation) (9). The modification of the substrate protein is reversible. Similar to ubiquitination, SUMOylation plays a critical role in regulating various cellular processes by modulating distinct substrates. This modulation influences the stability and subcellular localization of proteins, as well as impacting essential processes such as cell cycle regulation (10), DNA synthesis and repair (11), signal transduction, and cellular immunity (12).




2 SUMOylation



2.1 Overview of SUMOylation

The attachment of SUMO proteins to a cysteine residue within a protein is termed SUMOylation. In contrast, the removal of SUMO proteins from the substrate is referred to as deSUMOylation. In vivo, the SUMOylation and deSUMOylation processes reciprocally regulate the SUMOylated state of proteins.

The three-dimensional structure of SUMO proteins exhibits a similarity to that of ubiquitin, as both proteins belong to the conserved ubiquitin-like protein (UBL) family. SUMO proteins covalently bind to the lysine residues of target proteins through a cascade reaction facilitated by a series of enzymes. SUMO1, SUMO2, SUMO3, SUMO4 (13), and SUMO5 (14) are the five isoforms of SUMO proteins that have been described. Of these, there is widespread expression of SUMO1, SUMO2, and SUMO3 in vivo. The amino acid sequences of SUMO2 and SUMO3 are essentially identical but have only 46% homogeneity with SUMO1 (15–17). The expression of SUMO4 is predominantly observed in immune tissues, including the kidneys, spleen, and lymph nodes (18). Numerous studies have demonstrated a strong association between SUMO4 and the development of T1DM and T2DM (19–22). Additionally, SUMO5 is tissue-specific, highly conserved in primates, and is also involved in the formation and destruction of promyelocytic leukemia nuclear body (PML-NB) (14).




2.2 Mechanism of SUMOylation

The process of SUMOylation is analogous to ubiquitination, as the SUMO protein binds to the substrate protein through a series of enzymatic reactions. (Table 1) The principal enzymes involved in this process are, in order: the activation enzyme 1 (E1, Aos1/Uba2 heterodimer), conjugation enzyme 2 (E2, Ubc9), and SUMO ligation enzyme 3 (E3, such as PIAS, ZNF451, and RanBP2) (23–28). The PIAS family is the major SUMO E3 ligase and comprises PIAS1, PIAS2 (PIASx), PIAS3, and PIAS4 (PIASy) (29, 30). Subsequently, SUMO-specific proteases (SENPs) execute the deSUMOylation process.

Table 1 | The enzymes of SUMOylation in mammal cells.
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The process of SUMOylation can be categorized into four principal stages: the maturation of SUMO, activation of SUMO by the E1 enzyme, the activated SUMO binds to the E2 enzyme and promotion of the conjugation of SUMO to the substrate by the E3 enzyme. (Figure 1) (і) The first step in SUMO maturation begins with SENPs degrading several amino acids at the C-terminus of SUMOs to expose the diglycine residues. (ii) Next, in the presence of ATP, the diglycine residues of mature SUMOs interact with the cysteine residue of the E1 enzyme, forming high-energy thioester bonds. E1s are constituted by two subunits: the SUMO-activating enzyme subunit 1 (SAE1 or Aos1) and the SUMO-activating enzyme subunit 2 (SAE2 or Uba2). Typically, these two subunits assemble into ATP-dependent heterodimers consisting of SAE1 and SAE2 (31, 32). The process of SUMO activation is accomplished through the mechanism above (33). (iii) Subsequently, SUMOs are transferred from the E1 to the E2, resulting in the formation of a SUMO-E2 complex. The only E2 binding enzyme identified is ubiquitin conjugating enzyme 9 (Ubc9) (34–36). (iv) Ultimately, under the catalytic influence of E3 ligases, Ubc9 directly recognizes the conserved sequence Ψ-Kx-D/E (Ψ represents a hydrophobic group, K denotes lysine conjugated to SUMO, x signifies any amino acid, and D/E indicates an acidic amino acid, either aspartic acid or glutamic acid) within the substrate. This recognition facilitates the conjugation of SUMO proteins to lysine residues of the substrate, forming isopeptide bonds and thereby completing the transfer of SUMO from the E2 enzyme to the substrate (37). The process of deSUMOylation is defined as the dissociation of SUMO from the substrate protein. The SENPs encompass various species, with seven members of the SENP family identified in the human genome, specifically SENPs 1–3 and 5–7 (38). In summary, SUMOylation is characterized by two major features: specificity and reversibility. The specificity is determined by the combined action of Ubc9 and E3 ligases, while the reversibility is achieved through the deSUMOylation process mediated by SENPs. This ensures the dynamic regulation of SUMOylation.

[image: Diagram illustrating the SUMOylation process. SUMO is activated by SAE1/SAE2 (E1), conjugated with ATP to form SUMO-GG, and then transferred to Ubc9 (E2). SUMO-GG binds to the substrate with help from SUMO E3 ligase. SENP facilitates deconjugation at various stages.]
Figure 1 | The SUMOylation cycle in mammalian cells involves several sequential steps. Initially, SUMO paralogues are cleaved by a SUMO-specific protease (SENP) to expose carboxy-terminal diglycine residues (GG). Subsequently, an ATP-dependent activation step is carried out by the activation enzyme 1 (SAE1 and SAE2), resulting in the formation of a high-energy thioester bond. The activated SUMO is then transferred from the E1 to the E2, forming a SUMO-E2 complex through a thioester linkage. Finally, the E2 enzyme, Ubc9, recognizes the conserved sequence Ψ-K-x-D/E (Ψ represents a hydrophobic group, K denotes lysine conjugated to SUMO, x signifies any amino acid, and D/E indicates an acidic amino acid, either aspartic acid or glutamic acid) on the substrate protein and facilitates the formation of an isopeptide bond between the SUMO and substrate protein, a reaction catalyzed by the E3 ligase.

SUMOylation, a crucial post-translational modification of proteins, regulates key cellular processes through diverse molecular mechanisms. Notably, the fragile replication fork structure becomes particularly susceptible to chromosomal rearrangements and mutations during DNA replication. Studies have revealed that Pli1, an E3 SUMO ligase, mediates SUMOylation to perform dual functions: it not only maintains replication fork integrity but also promotes their translocation to nuclear pore complexes (NPCs) via poly-SUMOylation-induced SUMO chain formation. This regulatory mechanism orchestrates the precise repair of replication forks and is essential for preserving genomic stability (11).

Emerging evidence has highlighted the pivotal role of SUMOylation regulation in cell cycle control. Mechanistically, lactate has been shown to inhibit the deSUMOylation activity of SENP1 through zinc ion chelation at its active site, leading to enhanced APC4 SUMOylation. This post-translational modification triggers structural remodeling of the anaphase-promoting complex (APC/C), facilitating its interaction with UBE2C and thereby orchestrating proper cell cycle progression and mitotic regulation (10). Capitalizing on the essential role of SUMOylation in cell cycle regulation, scientists have developed TAK-981, a novel SUMO E1 inhibitor. This small molecule exhibits dual anti-tumor mechanisms: it not only arrests the cancer cell cycle through SUMOylation inhibition but also potentiates anti-tumor immunity by stimulating immune activation, with a specific emphasis on cellular immune responses. These pharmacological properties underscore its promising clinical applications in oncology (12).





3 Regulation of immune microenvironment by SUMOylation



3.1 Regulation of immune cells by SUMOylation



3.1.1 SUMOylation and regulatory T cells

Regulation of immune homeostasis is well known to be the function of regulatory T (Treg) cells, which can exert immunosuppressive and inflammatory control effects by promoting the formation of anti-inflammatory (M2) macrophages (39), inhibiting T helper (Th) cell populations (40), and secreting inhibitory cytokines, such as interleukin-10 (IL-10) and IL-35 (41). SUMOylation is involved in maintaining peripheral T cell homeostasis and immune tolerance. Stimulation of the T-cell receptor (TCR) and cluster of differentiation 28 (CD28) can induce the production of reactive oxygen species (ROS), resulting in the accumulation of SENP3. SENP3 promotes the nuclear localization of BACH2 by mediating the deSUMOylation of the transcriptional repressor BACH2, thereby preserving the stability of Treg cells and their immunosuppressive function (42).




3.1.2 SUMOylation and CD8+ T cells

TCR-induced ROS also prompts rapid translocation of SENP7 to the cytoplasm, thereby mediating the deSUMOylation, ubiquitination, and subsequent degradation of phosphatase and tensin homolog (PTEN) protein. In CD8 T cells, SENP7-dependent reduction of PTEN maintains metabolic fitness and effector function. Moreover, SENP7 enhances the activation of PI3K/mTOR signal transduction and is involved in the maintenance of glycolysis and oxidative phosphorylation (OXPHOS) in CD8 T cells (43). Several studies have indicated that SUMOylation can impede the presentation of major histocompatibility complex class I (MHC I) antigens, thereby promoting immune evasion by tumor cells. Conversely, the inhibition of SUMOylation has been shown to repair the MHC I antigen presentation mechanism, activate CD8+ T cells, and augment their cytotoxic efficacy against target cells (44).

SUMOylation is crucial for the growth of hepatocellular carcinoma (HCC) cells, and SUMOylation inhibitors TAK-981 and ML-792 effectively reduce SUMOylation in HCC cells. Furthermore, they enhance anti-tumor immunity by restoring the killing ability of T cells, promoting the activity of natural killer (NK) cells and inflammatory (M1) macrophages, activating innate immune cells, and modulating the intestinal microbiota (45). Moreover, the inhibitory effect of TAK-981 on SUMOylation in T cells has been demonstrated. The interferon (IFN)-like response mediated by TAK-981 inhibits the differentiation of Treg cells while enhancing various cytotoxic features of primary chronic lymphocytic leukemia (CLL)-derived CD8+ T cells, including degranulation (CD107a), and upregulated perforin, Granzyme B, and IFN-γ expression activity (46).




3.1.3 SUMOylation and Th17 cell differentiation

Th cell subsets are important players in chronic inflammation and insulin resistance in DM, with the Th17 cell population garnering significant interest from researchers due to its heterogeneity (47, 48). Th17 cells represent a critical component of the pathogenic T cell population. A variety of parenteral autoimmune diseases and tissue inflammation have been linked to Th17 cells48. In the absence of SENP2, the co-transcriptional factor Smad4 serves as the modification site of SUMO1 to up-regulate the expression level and nuclear localization of Smad4 and promote the differentiation of T cells to pathogenic Th17 cells (49). PIAS4 catalyzes SUMO3 transcription factor retinoic acid-related orphan receptor gamma t (RORγt) to SUMOylation at the lysine residue 31 (K31), promoting the binding of two RORγt binding proteins (KAT2A and SRC1) to RORγt, which drives the differentiation and development of Th17 cells (50). Under the catalysis of two SUMO E3 ligases, PIASxβ and PIAS3, SUMO1 modifies the K54 of phospholipase C-γ1 (PLC-γ1) to regulate T cell activation and induce IL-2 production by facilitating the assembly of PLC-γ1 microclusters (51).




3.1.4 SUMOylation and macrophage polarization

Macrophages are of significant importance in the regulation of the body’s immune response and metabolism. After polarization, macrophages form different subtypes: Th17 cells represent a critical component of the pathogenic T cell population. A variety of parenteral autoimmune diseases and tissue inflammation have been linked to Th17 cells, while M2 macrophages play an anti-inflammatory role (52). Studies have demonstrated that mice with conditional knockout of SENP3 exhibit diminished polarization of M1 macrophages and reduced production of pro-inflammatory cytokines under lipopolysaccharide (LPS) induction, thereby indicating that SENP3 plays an important pro-inflammatory role in LPS-induced lung injury and regulates M1 macrophage polarization by activating pyruvate kinase M2 (PKM2) in a hypoxia-inducible factor-1α(HIF-1α)dependent manner (53).




3.1.5 Summary

SUMOylation exerts distinct effects on various types of immune cells, with regulatory mechanisms that differ across cell types and involve multiple aspects such as activation, differentiation and functional activities, affecting the secretion of downstream cytokines (such as IL-2, IL-6, IL-8, IL-10, etc.) or direct killing effects. While maintaining or breaking immune tolerance, SUMOylation also regulates the production and quantity of various inflammatory mediators, affecting the inflammatory response.

The above analysis reveals an antagonistic relationship between Treg cells and Th17 cells. SUMOylation has been demonstrated to regulate both of these cell types, suggesting that the modulation of Treg/Th17 cells under SUMOylation conditions may prove beneficial for the advancement and prognosis of autoimmune diseases. Additionally, the opposite effects on macrophage polarization and activated cells indicate that it is feasible to create an environment conducive to M2 macrophage polarization rather than M1 macrophage polarization by influencing SUMOylation, thereby controlling chronic inflammation or excessively amplified inflammatory responses.





3.2 SUMOylation and inflammatory response



3.2.1 SUMOylation and the NF-KB signaling pathway

Post-translational modifications serve as critical regulators of immune signaling-related proteins. SUMOylated nuclear factor kappa B (NF-κB) p65 inhibits NF-κB activation and its downstream pathways in HCC cells by assembling with mesencephalic astrocyte-derived neurotrophic factor (MANF). As a transcription factor, NF-κB regulates gene expression activity, and its activation can result in the production of numerous inflammatory factors. The NF-κB signaling pathway is a classic pathway for regulating immune and inflammatory responses and is also key to the pathogenesis of DM and its complications. SUMO1 overexpression can also SUMOylate MANF and promote the nuclear import of MANF (54, 55).

Further study revealed that SUMOylated annexin-A1 (ANXA1) promotes inhibitory kappa B (IκB) kinase α (IKKα) degradation through selective autophagy, while numerous studies have indicated that IKKα/β-mediated phosphorylation-dependent degradation of IκB is the most critical step in canonical NF-κB signaling pathway activation, thereby inhibiting its overall activation (56).

Additionally, SENP6 could stabilize IKKα by deSUMOylating ANXA1, leading to inflammation (57). Under the regulation of the telomere-associated protein SLX4IP, the SUMO E3 ligase PIAS1 SUMOylates the telomere-binding protein RAP1, facilitating its interaction with IKK and subsequently leading to the activation of the transcription factor NF-κB (58). NF-κB essential molecule (NEMO) is a critical regulator in NF-κB. Intermittent hypoxia (IH) conditions enhance the SUMOylation of NEMO, resulting in NF-κB activation and upregulating the expression levels of tumor necrosis factor-alpha (TNF-α) and IL-6. SENP1-mediated deSUMOylation of NEMO can reduce the inflammatory response of microglia (59, 60). SENP2 can also inhibit the activation of the NF-κB signaling pathway through NEMO deSUMOylation, a mechanism that plays a crucial role in reducing doxorubicin resistance in breast cancer (61). The SUMO E3 ligase tripartite motifcontaining protein 60 (TRIM60) mediates the SUMOylation of TAK1 binding protein TAB2 at K329 and K562, and the SUMOylation of TAB2 interferes with the formation of TRAF6/TAB2/TAK1 complex to inhibit the MAPK/NF-κB pathway. This negatively regulates the innate immune response to toll-like receptor (TLR) signaling (62) (Figure 2).
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Figure 2 | The activation process of nuclear factor kappa B (NF-κB) and the regulation of the NFκB signaling pathway by the small ubiquitin-like modifier (SUMO). In the resting state, NF-κB binds to the inhibitory protein IκBα to form an inactive trimer in the cytoplasm, thereby preventing its translocation into the nucleus. Upon stimulation by extracellular stressors, the inhibitory kappa Bn(IκB) kinase complex (IKK) is activated, resulting in phosphorylation and subsequent degradation of IκBα via the ubiquitin-proteasome system. This leads to dissociation of the trimer, allowing for nuclear translocation of the p50-p65 heterodimer that exhibits NF-κB activity and engages in gene transcription and protein synthesis. Several key components within the NF-κB pathway—including IκBα, NF-κB essential molecule (NEMO), P65, IKKα, and IKKβ—are subject to SUMO modification. The interaction between NEMO and SUMO facilitates the activation of IKK; similarly, SUMO-modified RAP1 enhances this activation process which ultimately promotes the degradation of IκBα and triggers NF-κB pathway activation. Additionally, the binding of annexin-A1 (ANXA1) or mesencephalic astrocyte-derived neurotrophic factor (MANF) to SUMO inhibits this pathway’s activation by interfering with key signaling molecules involved in NF-κB regulation.




3.2.2 SUMOylation and the JNK signaling pathway

C-Jun-N-Terminal kinase (JNK) is a member of the mitogen-activated protein kinase (MAPK) family and serves as a critical component of the inflammatory signaling system. Under conditions of elevated H2O2, JNK can be activated as a substrate for SUMO1, with both molecules participating in the apoptotic death pathway caused by oxidative stress. Curcumin acts as an antiinflammatory antioxidant molecule to counteract this effect, which has important implications in retinal layer associated diseases (63, 64).




3.2.3 SUMOylation and the NRF2 signaling pathway

Nuclear factor erythroid 2-related factor 2 (NRF2) has been demonstrated to be a key regulatory factor in maintaining redox homeostasis, typically existing in a low-activity state due to the negative regulation by kelch-like ECH-associated protein 1 (KEAP1), the substrate recognition component of the ubiquitin E3 ligase (65). Researchers have found that SUMOylation preserves and enhances the survival and function of β-cells while reducing the risk of DM. This process largely depends on the SUMOylation process of NRF2, a critical antioxidant factor, which plays a protective role in β-cells (66). SUMO2 has been demonstrated to modify NRF2 at K110 and K533, thereby influencing its transcriptional activity and effective nucleocytoplasmic localization (67). In addition, studies have shown that amyloid-β (aβ) can inhibit the binding of NRF2 and its activation signaling pathway by reducing the SUMOylation of both NRF2 and small musculoaponeurotic fibrosarcoma (sMaf) protein, which is essential for NRF2 activation. This process plays an important role in the onset and progression of Alzheimer’s disease (AD) (68). ROS could induce abnormal nucleolar activation of NRF2 through deSUMOylation of NRF2 mediated by SENP3 (69). Serine starvation diminishes SENP1 expression in HCC cells, facilitates SUMO1 modification of NRF2 at the conserved K110, enhances de novo serine synthesis, and perpetuates HCC tumorigenesis (70).




3.2.4 SUMOylation and the inflammasome

The assembly of inflammasome is a critical factor in immune response, and SUMOylation is also involved in the activation of inflammasome as a post-translational modification mechanism. The non-obese diabetic (NOD)-like receptor (NLR) family pyrin domain-containing 3 (NLRP3) is essential for the activation of the NLRP3 inflammasome (71). The SUMO E3 ligase tripartite motifcontaining protein 28 (TRIM28) interacts with NLRP3, facilitating the SUMO1- and SUMO2/3catalyzed SUMOylation of NLRP3, thereby inhibiting its ubiquitination and subsequent proteasomal degradation. Consequently, TRIM28 stabilizes NLRP3 protein expression and enhances subsequent inflammasome activation (72). Other studies have similarly demonstrated that SUMO1 can mediate the SUMOylation of NLRP3 (73). In addition, previous studies have demonstrated that SUMOylation exerts an inhibitory effect on the activation of the NLRP3 inflammasome. For instance, the SUMOylation of NLRP3 mediated by mitochondrial‐anchored protein ligase (MAPL), identified as the first mitochondrial‐anchored SUMO E3 ligase, negatively regulates inflammasome formation, while SUMO-specific proteases SENP6 and SENP7 reverse this phenomenon (74). Additional experiments have also shown that the knockdown of SENP7 inhibits the activation of the NLRP3 inflammasome pathway (75). The nuclear zinc-finger and BTB domaincontaining protein 16 (ZBTB16) serves a positive regulatory role in the assembly of inflammasomes. The underlying mechanism involves ZBTB16 facilitating inflammasome assembly through the regulation of the adaptor protein ASC (apoptosis-associated speck-like protein containing a CARD) by SUMO1 modification at K21 and/or K109 (76) (Table 2).

Table 2 | SUMOylation and inflammatory response.
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4 Diabetes and immune system interactions



4.1 Overview of diabetes

Diabetes mellitus represents a group of metabolic disorders characterized primarily by chronic hyperglycemia, which serves as a key diagnostic criterion. In addition, patients with diabetes have typical clinical manifestations including polydipsia, polyphagia and polyuria. Diabetes-associated complications, categorized into macrovascular (primarily cardiovascular disease) and microvascular complications (including diabetic nephropathy, retinopathy, and neuropathy), can lead to multi-organ damage. These complications significantly impair patients’ quality of life while increasing morbidity and mortality rates (77). Diabetes is generally divided into four clinical categories, namely type 1 diabetes(T1DM), type 2 diabetes(T2DM), gestational diabetes (GDM) and other specific types of diabetes, and the vast majority of them are type II diabetes, accounting for 90%-95% of all diabetes (3, 78). This review primarily focuses on type 1 and type 2 diabetes, which represent the most clinically significant forms of the disease.

T1DM and T2DM exhibit distinct heterogeneity, with significant differences in their pathogenesis, clinical manifestations, and disease progression. T1DM predominantly affects younger populations, particularly children and adolescents, although its prevalence is highest in adults due to patient longevity (79). Autoimmune mediated beta cell destruction leading to insufficient insulin secretion is a recognized mechanism, symptoms include polydipsia, polyuria, weight loss, and in severe cases, diabetic ketoacidosis. Currently, the main treatment is insulin replacement therapy (80, 81).

In contrast, T2DM typically manifests later in life and is frequently associated with obesity. Its pathogenesis involves progressive insulin secretory dysfunction coupled with insulin resistance. Notably, patients with T2DM exhibit a significantly higher risk of cardiovascular events compared to their T1DM counterparts (82).




4.2 Interaction between diabetes and the immune system



4.2.1 Interaction between T1DM and the immune system

It is well established that T1DM is an autoimmune disorder characterized by the destruction of β-cells mediated by T lymphocytes. T cells recognize islet antigens, drive islet autoimmunity and islet inflammatory infiltration, while activated autoreactive CD8+ T cells induce β-cell apoptosis through various mechanisms (83, 84), resulting in impaired insulin secretion. In addition to T cells, other immune components including innate immune cells (B cells, NK cells, macrophages, and neutrophils) and pro-inflammatory cytokines (such as TNF-α, IL-6, IFN-γ, and CXCL10) significantly contribute to disease progression by amplifying the autoimmune cascade (85–88).

Recent studies have demonstrated that β-cells are not merely passive ‘victims’ of autoimmunity, rather, they can also exacerbate the condition (89). Cellular alterations in β-cells, including enhanced immunogenicity, cellular senescence, oxidative stress, and endoplasmic reticulum dysfunction, can trigger the formation of novel antigenic epitopes, thereby amplifying immune responses. This self-perpetuating process represents a crucial mechanism through which β-cells contribute to T1DM pathogenesis (90). These results indicated that the islet - immune cell interaction promoted the progression of T1DM to a great extent, and the occurrence of T1DM could not be attributed to the immune system, and the involvement and metabolic changes of β cells were also worthy of consideration.




4.2.2 Interaction between T2DM and the immune system

T2DM is acknowledged as a metabolic disorder characterized by insulin resistance and progressive insulin insufficiency, with obesity identified as the primary risk factor predisposing individuals to T2DM (91). Adipose tissue hyperplasia results in elevated free fatty acid (FFA) levels, triggering the release of monocyte chemokines and subsequent macrophage activation (92), while also facilitating macrophage polarization (93) that exacerbates the inflammatory response. Research has demonstrated that cytokines secreted by activated macrophages not only reduce adipocyte insulin sensitivity but also promote further macrophage infiltration and inflammatory signaling amplification. This cascade ultimately disrupts insulin receptor signaling pathways in adipocytes, resulting in systemic insulin resistance (94). Macrophages can also directly or indirectly cause β-cell dysfunction, leading to impaired insulin secretion (95, 96). In addition, other immune cells (B cells and T cells) and their secreted cytokines have also been shown to contribute to the development of insulin resistance and T2DM (97, 98).

T2DM is characterized by complex metabolic disorders, and in addition to obesity, the gut microbiome has also been shown to be involved in the development of T2DM (99). Disruption of the intestinal barrier leads to bacterial penetration, and recognition of bacterial components [mainly lipopolysaccharide (LPS)] by Toll-like receptors (TLRS) and their adaptor molecules leads to the activation of inflammasomes and inflammatory signaling pathways, resulting in insulin resistance and chronic inflammation (100). Furthermore, studies have demonstrated that IL-17 receptor deficiency under high-fat diet (HFD) conditions disrupts neutrophil migration in the intestinal mucosa. This impairment results in gut microbiota dysbiosis and subsequent LPS translocation to adipose tissue, ultimately contributing to insulin resistance and metabolic dysfunction. Additionally, IL-17 receptor deficiency impairs the phosphorylation and activation of key kinases in insulin signaling pathways, leading to compensatory hyperinsulinemia and exacerbation of insulin resistance (101).





4.3 Summary of the role of SUMOylation regulating the immune microenvironment in the development of diabetes mellitus



4.3.1 The impact of SUMOylation on lipid metabolism

The function of adipose tissue is intricately linked to the pathogenesis of DM, with peripancreatic adipocytes (PAT) secreting pro-inflammatory cytokines that recruit immune cells, resulting in damage to pancreatic islet β-cells and exacerbating the progression of T1DM. The elevated SUMOylation of the component NEMO at the lysine-277/309 sites is pivotal in this process, as it induces NF-κB activation and cytokine expression in SENP1-deficient adipocytes. Moreover, NEMO SUMOylation and NF-κB activation in PAT exhibit greater sensitivity to variations in SENP1 expression and activity compared to other adipose depots (54). Relevant studies have also elaborated and summarized the role of SENP1-mediated protein SUMOylation in the pancreatic immune response, β-cell damage, and the progression of DM, while also proposing the use of NEMO inhibitory peptides or NF-κB inhibitors as potential therapeutic strategies for T1DM (102).

It is well established that inflammation plays a significant role in the pathogenesis of T2DM. In particular, inflammation within adipose tissue, resulting from both malnutrition and obesity, can impair insulin receptor function and diminish insulin sensitivity through the action of inflammatory mediators and immune cell infiltration (103). Recent evidence indicates that ubiquitin-conjugating enzyme E2 I (Ube2i) plays a crucial role in the maintenance of growth and normal function of white adipose tissue (WAT). Impaired WAT expansion, inflammatory responses, and adipocyte apoptosis were observed in Ube2i-deficient mice with adipocyte-specific deletion. These alterations led to metabolic abnormalities such as ectopic lipid deposition and insulin resistance in the liver, mirroring the insulin resistance seen in patients with adipose dystrophy. Notably, a sex difference was evident, with effects being more pronounced in females. This underscores the critical role of Ube2i in maintaining functional stability and normal expansion of adipose tissue, however, its specific downstream transcription factors and mechanisms of action require further investigation (104).

Another study demonstrated that adipocyte Ubc9 enhances the SUMOylation of Endoplasmic reticulum protein44 (ERp44) and promotes its covalent binding to endoplasmic reticulum oxidoreductase 1 (Ero1α), thereby exacerbating cell-to-cell transmission of endoplasmic reticulum stress (ER) signals and retention of Ero1α, which ultimately leads to disorders associated with ER stress. ER stress and impaired ER function disrupt systemic glucose homeostasis, resulting in abnormalities in lipid metabolism and insulin resistance. Ubc9 knockdown in adipocytes demonstrated that inhibition of SUMO modification attenuated high-fat-induced ER stress, facilitated lipolysis and energy metabolism, and restored ER function, ultimately leading to the alleviation of insulin resistance and obesity. These findings suggest that modulation of ERp44’s SUMOylation may represent a viable strategy for ameliorating obesity and insulin resistance in clinical settings (105). SUMOylation of SET structural domain bifurcation 1 (Setdb1) promotes Setdb1 to occupy the promoter site of the Pparg and Cebpa genes. Setdb1 functions as a histone methyltransferase responsible for H3K9 trimethylation, which increases H3K9 trimethylation in adipocytes and represses the expression of Pparg and Cebpa, ultimately leading to a reduction in lipid storage capacity. This process was validated in adipocyte-specific SENP2 knockout mice subjected to a diet rich in fats, which exhibited ectopic fat accumulation and insulin resistance pathology (106).

SUMOylation exerts diverse effects on lipid metabolism through its regulation of various target proteins. The primary mechanisms involve activation of adipose tissue inflammatory signaling pathways, induction of endoplasmic reticulum stress, and dysregulation of lipid homeostasis. Both adipose tissue inflammation and lipid metabolism dysregulation contribute to insulin receptor impairment, disrupted insulin signaling pathways, and subsequent development of insulin resistance and T2DM. Furthermore, adipose-derived inflammatory infiltration can induce pancreatic β-cell dysfunction, potentially exacerbating T1DM progression. These findings suggest that modulation of protein SUMOylation in adipocytes may represent a promising therapeutic strategy for mitigating insulin resistance and protecting β-cell function.




4.3.2 The impact of SUMOylation on transcription factors and their downstream effectors

It has been reported that under high glucose conditions, retinal microvascular endothelial cells (mRMEC) exhibit significantly elevated levels of SUMO1 and SUMO2/3 proteins, along with enhanced stabilization of RUNX family transcription factor 1 (RUNX1) protein through SUMO2/3dependent SUMOylation, a process that is heavily reliant on the K182 and K144 residues of RUNX1. RUNX1 protein enhances the proliferation, migration, and angiogenesis of mRMECs, contributing to the exacerbation of diabetic retinopathy (DR) symptoms. This process can be alleviated by SENP1 overexpression, suggesting a potential correlation between SUMOylation and the severity of DR (107, 108). Similarly, high glucose induction can elevate the expression levels of SUMO1 and silent information regulator 1 (SIRT1) proteins in human lens epithelial cells (HLECs), moreover, SUMO1 overexpression enhances the SUMOylation of IκBα, thereby stabilizing this protein and facilitating its binding to NF-κB p65, which inhibits NF-κB p65 activation and oxidative stress. This mechanism protects the lens from high glucose-induced oxidative damage. Collectively, these findings suggest that SUMO1 may represent a novel therapeutic target for the treatment of diabetic cataracts (DC) (109).

NF-κB functions as a transcription factor that regulates gene expression activity, and its activation can result in the production of substantial amounts of inflammatory factors. It has been previously mentioned that several signaling molecules within the NF-κB pathway, including IKKα, NEMO, and p65, are subject to modification by SUMOylation. Contrary to previous reports indicating that high glucose and high osmolality diminish the interaction between IκBα and SUMO1, reduced SUMOylation of IκBα leads to decreased expression levels of IκBα, resulting in the activation of NF-κB signaling, which is implicated in the pathogenesis of diabetic nephropathy (DN). Therefore, novel therapeutic strategies targeting specific regulators of the NF-κB pathway may prove effective in treating DN (110).

Previous studies have also investigated the complex role of mouse SUMO2 (mSUMO2) in the development of autoimmune diabetes by establishing genetically modified mice with a enhanced repressor of NF-κB (IκBαΔN) and overexpression of mSUMO2, which demonstrated that Th1 cytokines were suppressed in the IκBαΔN T cells. Conversely, T cells with elevated levels of mSUMO2 showed a reduction in both Th1 and Th2 cytokine production. Furthermore, IκBαΔN completely prevented diabetes regardless of mSUMO2 overexpression, however, mice expressing only mSUMO2 exhibited susceptibility to diabetes comparable to that of wild-type mice. It is suggested that SUMO2 may differentially inhibit NF-κB expression at least in T cells, but the specific regulatory mechanism and the signaling molecules involved remain to be clearly elucidated (111). Similarly, the further development of DM and its complications through activation of the NF-κB pathway can also be observed through the enhanced phosphorylation and SUMOylation of IκB kinase γ (IKKγ) (30).

The NF-κB pathway plays a vital role in the development of DM through various mechanisms. For instance, deficiency of thioredoxin 2 (Trx2) in adipose tissue results in the stimulation of NFκB, which mediates the accumulation of the autophagy receptor p62, leading to mitochondrial autophagy and subsequently promotes insulin resistance and lipid metabolism disorders in T2DM, thereby linking NF-κB to metabolic disorders associated with insulin resistance (112). NF-κB also upregulates the expression of complement C3, thereby promoting the development of DM (113), C3 is a crucial component in the activation process of all three complement pathways and is not only associated with insulin resistance (114), reflecting the progression of metabolic derangement but also serves as a biomarker for T1DM and T2DM (115, 116). Epidemiological studies have demonstrated that elevated plasma levels of complement C3 can increase the risk of diabetic retinopathy, diabetic nephropathy, and neuropathy (113) in the general population (117). Furthermore, the pathogenesis of diabetes-related periodontitis mediated by C3 in patients with T2DM is supported by existing studies (118). Induced by hyperglycemia, the NF-κB signaling pathway mediates the activation of valvular interstitial cells (VICs), resulting in valvular calcification and dysfunction, which significantly contributes to the exacerbation of valvular calcification in patients with T2DM suffering from aortic stenosis (AS) (119).

Moreover, the NF-κB signaling pathway, along with its related inflammatory mediators, could represent a critical nexus in microRNA-92a-mediated diabetic cardiovascular disease (120). The aforementioned findings suggest that inhibition of the NF-κB signaling pathway may serve as an effective therapeutic target for DM. The mechanisms underlying NF-κB pathway activation are intricate and involve a diverse array of signaling molecules. It is anticipated that further investigation into potential sumo-chemical modifications regulating the NF-κB pathway will yield significant insights, particularly regarding their critical roles in the pathogenesis of TM and its associated complications.

The age-related decrease in c-Maf SUMOylation within CD4 T cells negatively correlates with IL-21 expression, which facilitates the differentiation of T follicular helper (Tfh) cells and the proliferation of granzyme B-producing effector/memory CD8+ T cells, thereby contributing to the development of autoimmune diabetes in NOD mice. Moreover, the findings indicate that SUMOdeficient c-Maf inhibits Death domain-associated protein 6 (Daxx)/Histone Deacetylase (HDAC) recruitment to the IL-21 promoter (IL-21p) and enhances histone acetylation mediated by CREBbinding protein (CBP) and p300. It is hypothesized that inhibitors of CBP/p300 may mitigate several effects induced by IL-21 (121). This study elucidates a potential link between the SUMO status of a single transcription factor and the pathogenesis of autoimmune diabetes, detailing the downstream signaling molecules involved (e.g., IL-21, Daxx, etc.) and their pathogenic effects supported by experimental data. It suggests that the low SUMOylation levels of c-Maf may serve as a precursor to autoimmune diabetes, thereby facilitating early preventive and therapeutic interventions. Additionally, the role and downstream effects of IL-21 offer novel insights for the treatment of T1DM.

The role of transcription factor c-Maf in the pathogenesis of autoimmune diabetes is further corroborated by reports indicating that c-Maf directly influences the expression of glucose transporter genes Sglt2 and Glut2. Additionally, c-Maf deficiency has been shown to ameliorate diabetic nephropathy associated with hyperglycemia and oxidative stress by downregulating Sglt2 and Glut2 expression (122).

IL-21, a cytokine primarily produced by Tfh, is an essential element of the immune system that modulates various immune subpopulations, including B cells and CD8+ T cells. It is instrumental in the pathogenesis of multiple autoimmune diseases, including DM (123). IL-21 has been demonstrated to exhibit pro-diabetic activity, contributing to β-cell destruction and the onset of spontaneous T1DM (124). Additionally, it is implicated in Tfh cell-mediated chronic vascular inflammatory responses and the progression of diabetic retinopathy (125). Clinical trials have demonstrated that the combination of anti-IL-21 antibodies and liraglutide preserves β-cell activity and enhances islet function, offering a promising approach to addressing the treatment of T1DM (126).

Besides IL-21, other cytokines, including members of the IL-12 family members (IL-12, IL23, IL-27 and IL-35) (127), along with IL-6 (128), TNF-α (129), have been closely associated with DM and its complications. Identifying these cytokines in relation to the development of diabetes mellitus also provides targeted therapeutic avenues for managing diabetes and its related conditions.

Similarly in NOD mouse CD4+ T cells, SUMO1 reduces IL-4 production by enhancing its interaction with c-Maf, thereby inhibiting c-Maf from binding to the IL-4p half-MARE site. This reduction is detrimental to the normal development of protective Th2 cells. Numerous studies have demonstrated that T1DM is associated with an attenuated Th2 response, and thus this pathway may be involved in the immune bias of T1DM (130).

SENP1 has been demonstrated to enhance cell death in the insulin secreting cell line (INS-1 832/13) and human islet cells, leading to islet secretory dysfunction that correlates with decreased expression of inducible nitric oxide synthase (iNOS) and nuclear translocation of NF-κB. In contrast, up-regulation of SUMO1 or knockdown of SENP1 can reduce the nuclear translocation of NF-κB and its target gene expression, suggesting that preservation of islet activity and restoration of islet survival can be achieved through the processes of SUMOylation and de-SUMOylation (131). Glycolipotoxicity and the pro-inflammatory cytokine TNF-α convert extracellular stress into pattern recognition receptor (PKR) activation via the second messenger ceramide and activated PKR interacts with the conjugating enzyme Ubc9 to promote SUMOylation-dependent stabilization of p53, whose enhanced transcriptional activity leads to cell cycle arrest and disrupts β-cell proliferation, thereby contributing to the progression of T2DM. These findings indicate that targeting the ceramide/PKR/Ubc9/p53 signaling pathway may represent an effective strategy for the treatment of T2DM (132) (Table 3).

Table 3 | Molecular mechanism and pathogenesis of SUMOylation on diabetes mellitus and its complications.
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5 Conclusions and future perspectives

Recently, significant advancements in SUMOylation research has led to a deeper insight into the molecular mechanisms and enzymatic systems that are involved. More importantly, SUMOylation, as a novel reversible protein regulation process, plays a crucial role in the development of various physiopathological states within the body, offering new insights into the pathogenesis of multiple diseases. Building on this foundation, the present paper offers a comprehensive overview of how SUMO chemical modifications influence downstream signaling molecules by regulating the functions of proteins within the immune environment, thereby potentially impacting the pathogenesis of DM.

This review comprehensively examines the molecular mechanisms of SUMOylation and its regulatory effects on the immune system, with particular emphasis on their pivotal roles in the pathogenesis of both T1DM and T2DM. By exploring the intricate relationships among these components, we aim to clarify the critical function of SUMOylation in modulating the immune microenvironment and its implications for diabetes progression and associated complications.

Additionally, it summarizes several intricate molecular mechanisms, the majority of which are classical signaling pathways linked to immune homeostasis and inflammation, including adipose tissue inflammatory factors, NF-κB pathway activation, Tfh cytokines, and other cellular signaling pathways. This underscores the significant potential of SUMO in diabetes-related therapies. SUMOylation influences the activity of key protein kinases involved in the pathogenesis by disrupting downstream signaling pathways. Although several studies have supported this notion, most are based on similar animal models, and the detailed mechanisms of SUMO modification on the regulation of various physiological and pathological states of the organism remain inadequately elucidated. Furthermore, the proteins subject to this modification warrant further investigation. In future research, it is anticipated that a more comprehensive understanding of how SUMO-regulated key proteins induce islet inflammation and autoimmunity will be achieved, leading to the identification of new therapeutic targets for diabetes based on these key proteins and existing knowledge.
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Mucoinflammatory lung disease in cystic fibrosis (CF) is characterized by airway surface liquid (ASL) layer dehydration and mucins hyperconcentration, which leads to airway obstruction, inflammation, bronchiectasis, and increased susceptibility to recurrent bacterial infections. Epidermal growth factor receptor (EGFR) is known to regulate airway mucous cell metaplasia (MCM) and mucins expression, but the role of EGFR pathway in the pathogenesis of CF-like lung disease remains unclear. Therefore, we hypothesized that airway epithelial cell-specific deficiency of EGFR mitigates mucoinflammatory responses in Scnn1b-transgenic (Tg+) mice that phenocopy human CF-like lung disease. To test this hypothesis, we examined the effect of airway epithelial cell-specific EGFR deficiency on the manifestation of mucoinflammatory outcomes in Tg+ mice. The airway epithelial cell-specific EGFR-deficient wild-type (WT) mice did not exhibit any obvious structural and functional defects in the lungs. The deletion of EGFR in airway epithelial cells in Tg+ mice, however, resulted in increased recruitment of neutrophils and macrophages into the lung airspaces, which was accompanied by significantly increased bronchoalveolar lavage fluid (BALF) levels of inflammatory mediators, including KC, G-CSF, MIP-2, MIP-1α, TNF-α, and MIP-1β. Additionally, as compared with the EGFR-sufficient Tg+ mice, the airway epithelial cell-specific EGFR-deficient Tg+ mice exhibited significantly increased postnatal mortality and compromised bacterial clearance. The deletion of EGFR in the airway epithelial cells of Tg+ mice resulted in an increased degree of mucus obstruction, which was associated with an increase in MCM and MUC5B production. Some of the molecular markers of type 2 inflammation, including Il13, Slc26a4, and Retnla, were significantly increased in airway epithelial cell-specific EGFR-deficient Tg+ mice versus EGFR-sufficient Tg+ mice. Taken together, our data show that EGFR deletion in the airway epithelial cells compromises postnatal survival, delays bacterial clearance, and modulates inflammatory and mucus obstruction-relevant endpoints, i.e., MCM, MUC5B production, and mucus obstruction, in Tg+ mice.
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Introduction

Cystic fibrosis (CF) is an autosomal recessive genetic disorder caused by various mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) gene, which results in reduced chloride and bicarbonate ions secretion and increased sodium ions absorption (1, 2). The resulting ionic imbalance leads to the dehydration of the airway surface liquid layer (ASL), causing mucins hyperconcentration, mucostasis, defective mucociliary clearance, airway inflammation, and recurrent bacterial infections (2, 3). Mucins hypersecretion is another key characteristic of CF, where the excessive release of mucins into the hyperconcentrated ASL results in the formation of static mucus plugs, which in turn contributes to airflow obstruction (3). IL-4Rα and epidermal growth factor receptor (EGFR) pathways are known to contribute to mucins hypersecretion via coordinated promotion of mucous cell metaplasia (MCM) (4–10). While the role of IL-4Rα signaling pathway has been investigated in mouse model of human CF-like lung disease (11), the role of EGFR signaling pathway in inducing mucins production and other inflammatory outcomes remains unclear.

EGFR, one of the four members of the receptor tyrosine kinase (RTK) superfamily, binds to a variety of ligands, including epidermal growth factor (EGF), transforming growth factor-α (TGF-α), amphiregulin (AREG), epiregulin (EREG), β-cellulin (BTC), heparin-binding EGF (HB-EGF), and epigen (EPGN) (12, 13). EGFR is critically important for embryonic development, tissue differentiation, and cellular function, and EGFR loss causes either embryonic or postnatal mortality depending on the genetic background of the mice (14–16). In normal airways, EGFR signaling constitutes a critical developmental pathway in lung epithelial cells by controlling lung development and maintaining airway homeostasis (15, 17–20). Dysregulated EGFR signaling is associated with the pathogenesis of airway hypersecretory and mucoinflammatory diseases such as asthma and COPD (12). EGFR signaling is critical for inducing MCM in animal models and for mucins expression in human airway epithelial cells in response to IL-13, viruses, TGF-α, and cigarette smoke (6, 21–24). Increased EGFR signaling, TGF-α production, and mucins (MUC5AC and MUC5B) expression have been reported in the airways of CF patients (25); however, the causative role of EGFR in CF-like lung disease has not been demonstrated, thus warranting further investigation. Accordingly, we investigated the role of airway epithelial cell-specific EGFR in the pathogenesis of mucoinflammatory lung disease in Scnn1b-transgenic (Scnn1b-Tg+) mice, a mouse model of human CF-like lung disease.

The Scnn1b-Tg+ (Tg+) mouse overexpresses sodium channel, non-voltage gated 1, beta subunit (Scnn1b) transgene in club cell secretory protein (CCSP)-expressing airway epithelial cells (26). The Scnn1b overexpression dictates the hyperabsorption of sodium ions into the airway epithelial cells, resulting in an osmotic gradient-driven dehydration of ASL. As a consequence, within the first week of postnatal life, the Tg+ neonates exhibit mucoinflammatory lung disease features, including MCM, mucins hypersecretion, mucus obstruction, defective mucociliary clearance, airway inflammation characterized by activated macrophages, granulocytes, and lymphocytes, and spontaneous bacterial infections (26–30). In this study, we hypothesized that airway epithelial cell-specific deficiency of EGFR mitigates mucoinflammatory responses in Tg+ mice. Towards this, we examined the effects of airway epithelial cell-specific EGFR deletion on key features of Tg+ mice, including postnatal survival, genes relevant to mucoinflammatory responses, mucus obstruction, MCM, immune cell recruitment, cytokine levels, and bacterial load. The results from this study highlight the contribution of airway epithelial cell-specific EGFR in the pathogenesis of CF-like mucoinflammatory lung disease in Tg+ mice.





Materials and methods




Generation of mice and animal husbandry

Scnn1b-Tg+ (Tg+) mice [B6N.Cg-Tg(Scgb1a1-Scnn1b)6608Bouc/J] were procured from the Jackson Laboratory (Bar Harbor, ME) and maintained at the Division of Laboratory Animal Medicine (DLAM) vivarium of Louisiana State University (LSU). Club cell-specific Cre recombinase (CCSP-Cre+) mice were provided by Dr. Francesco J. DeMayo (NIEHS, North Carolina (NC)), and Egfr floxed (Egfrfl/fl) mice were provided by Dr. David Threadgill (Texas A&M University, Texas). All three mice strains were interbred to generate various parental genotypes. EGFR-sufficient Tg+ (CCSP-Cre-/Egfrfl/fl/Tg+) and airway epithelial cell-specific EGFR-deficient Tg+ (CCSP-Cre+/Egfrfl/fl/Tg+) and their wild-type (WT) counterparts, i.e., CCSP-Cre-/Egfrfl/fl/WT and CCSP-Cre+/Egfrfl/fl/WT, were generated by reciprocal crosses between CCSP-Cre+/Egfrfl/fl/WT and CCSP-Cre-/Egfrfl/fl/Tg+ (or CCSP-Cre-/Egfrfl/fl/WT and CCSP-Cre+/Egfrfl/fl/Tg+) parental genotypes. The CCSP-Cre+/Egfrfl/fl/Tg+ mice are expected to have EGFR deficiency only in the CCSP+ cells. However, our previous study employing CCSP-Cre mice (31) have shown that the CCSP-Cre+ causes recombination in almost all the airway epithelial cells. Therefore, we will be using the term “airway epithelial cell-specific EGFR-deficient mice” and not “Club cell-specific EGFR deficient mice”. Genotypes of all four experimental groups were confirmed with polymerase chain reaction (PCR). Nucleotide sequences of primers used for genotyping are included in Supplementary Table 1. Mice were housed in hot-washed and individually ventilated cages on 12h day/night cycle at DLAM vivarium of LSU. Mice were provided with a regular diet and water ad libitum. All the animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of Louisiana State University.





Bronchoalveolar lavage fluid analyses and tissue collection

Juvenile mice (Postnatal day 21, PND21) were anesthetized via intraperitoneal (IP) injection of 2,2,2-tribromoethanol (Millipore Sigma, Burlington, MA). The left main stem bronchus was ligated, and the right lung lobes were aseptically lavaged with a body weight-adjusted volume of Dulbecco’s Phosphate Buffered Saline (DPBS) (Corning, Manassas, VA). A fraction of the harvested bronchoalveolar lavage fluid (BALF) was used for the estimation of colony forming units (CFUs), and the remaining BALF was centrifuged at 4°C for 500 x g for 5 min. Cell-free BALF supernatant was collected and stored at -80°C for the total protein, dsDNA, and cytokine analyses. Cell pellets were resuspended in 250 µl of DPBS and used for total and differential cell counts estimation as described previously (32). Lavaged right lung lobes were snap-frozen and stored at -80°C for gene expression analyses. Unlavaged left lung lobes were fixed in 10% neutral buffered formalin and processed for histological analyses, as described previously (33).





Total protein and dsDNA estimation

Total protein and dsDNA contents in the BALF were determined by Bradford assay (Bio-Rad, Hercules, CA) and spectrophotometric assay using NanoDrop 8000 (Thermo Fisher Scientific, Waltham, MA), respectively.





Cytokine analyses

Cell-free BALF samples were assayed for various soluble mediators as previously described (34). Briefly, the BALF levels of various cytokines and chemokines were determined using Luminex XMAP-based assay (MCYTOMAG-70K), according to the manufacturer’s instructions (EMD Millipore, Billerica, MA). The list of cytokines and chemokines is included in Supplementary Table 2.





Enzyme-linked immunosorbent assay

IL-13 levels were analyzed in the cell-free BALF samples using Mouse IL-13 ELISA Kit-Quantikine (Cat # M1300CB, R&D systems, Minneapolis, MN), according to the manufacturer’s instructions.





Bacterial burden analyses

The aseptically harvested BALF was serially diluted and plated onto Columbia blood agar (CBA) plates (Hardy Diagnostics, Santa Maria, CA). The plates were incubated in anaerobic candle jars at 37°C for 48h. The CFUs were counted, and the morphological characteristics of the colonies were recorded, as previously described (32).





Histopathological analyses

The formalin-fixed left lung lobes were embedded in paraffin and sectioned at 5µm thickness. Alcian blue-periodic acid-Schiff (AB-PAS) staining was performed to stain mucopolysaccharide materials in the airway lumen and mucins content within the airway epithelial cells. Mucus obstruction was graded using the histological semiquantitative grading strategy as previously described (32). For MCM analyses, the photographs of AB-PAS-stained large airways were captured under the 40X objective of the ECLIPSE Ci-L microscope with DS-Fi2 camera attachment (Nikon, Melville, NY). Thereafter, the analyses were performed by quantifying the number of mucous cells per millimeter (mm) of basement membrane using the Fiji software (35). All the slides were graded by a board-certified anatomic pathologist in a blinded manner.





Immunohistochemical analyses

Formalin-fixed paraffin-embedded left lung sections were used for the immunohistochemical localization of MUC5AC, MUC5B, and E-cadherin. The sections were stained with the corresponding primary antibodies: rabbit polyclonal MUC5AC antibody (UNC 294, a kind gift by Dr. Camille Ehre, University of North Carolina, Chapel Hill, NC), rabbit polyclonal MUC5B antibody (UNC223, a kind gift by Dr. Camille Ehre, University of North Carolina, Chapel Hill, NC), and Rabbit monoclonal E-cadherin primary antibody (3195, Cell Signaling Technology, Danvers, MA) using previously published procedure (36–38). The immunostained slides were analyzed by a board-certified anatomic pathologist without prior knowledge of genotypes. The photographs were captured under the 40X or 4X objective of the ECLIPSE Ci-L microscope with DS-Fi2 camera attachment (Nikon, Melville, NY). Thereafter, captured images were processed using the Fiji software (35) to determine the percentage of stained area (MUC5B and MUC5AC).





Gene expression analyses

Total RNA isolation from right lungs, analysis of quantity and purity of isolated total RNA, cDNA generation, and reverse transcription quantitative polymerase chain reaction (RT-qPCR) were done as described previously (39). The nucleotide sequences of primers used in RT-qPCR are included in Supplementary Table 1.





BaseScope (RNA in situ hybridization) assay for the detection of Egfr mRNA

Left lungs were fixed in 10% neutral buffered formalin for 24 hrs. and embedded in paraffin. These formalin-fixed, paraffin-embedded left lung sections were used to perform RNA in situ localization of Egfr mRNA using BaseScope technology (ACD, Newark, CA). Briefly, the lung sections were baked at 60°C in a hybridization oven, deparaffinized in xylene and dehydrated in 100% ethanol followed by air-drying the slides for 5 min at 60°C. The slides were then incubated for 10 min at room temperature (RT) with 3% hydrogen peroxide (322335; ACD, Newark, CA) to quench the endogenous peroxidase activity. Target retrieval was performed using a 1X RNAscope Target Retrieval Reagent (322000; ACD, Newark, CA) at 98-102°C for 15 minutes, followed by three washes in distilled water. RNAscope Protease IV (322336; ACD, Newark, CA) was added to the lung sections and incubated at 40°C in a hybridization oven for 30 minutes followed by two washes of distilled water. Custom designed Egfr probe (1307511-C1; ACD, Newark, CA) equilibrated to room temperature was subsequently added to the lung sections and incubated in a hybridization oven for 2 hours at 40°C. After two washes with the wash buffer (310091, ACD, Newark, CA), the sections underwent eight amplification steps to enhance the signals. BaseScopeTM Detection Reagents v2– RED (Cat. No. 323910; ACD, Newark, CA) were used to detect the red signal. Finally, the sections were counterstained with 50% Gill’s Hematoxylin I for 2 min at RT followed by 3–5 times rinse with tap water. The slides were further washed 2–3 times in 0.02% Ammonia water, followed by 3-time wash in tap water. The slides were dehydrated at 60°C in a hybridization oven until the slides were completely dry, and coverslipped using VectaMount mounting media (H-5000; Vector Laboratories, Burlingame, CA). The stained slides were analyzed by a board-certified anatomic pathologist without prior knowledge of genotypes. The stained slides were captured under the 100X objective of the ECLIPSE Ci-L microscope with DS-Fi2 camera attachment (Nikon, Melville, NY).





Statistical analyses

One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used to determine statistically significant differences among the groups. All data were presented as mean ± standard error of the mean (SEM). Grubbs’ test was used to remove the outliers. To reduce the number of horizontal bars indicating statistically significant differences between experimental groups, we used a single bar when one group showed significant differences compared to multiple other groups (with vertical ticks). A p-value of less than 0.05 was considered statistically significant. All statistical analyses were performed using GraphPad Prism 10.0 (GraphPad Software Inc., La Jolla, CA).






Results




EGFR deletion in airway epithelial cells increases postnatal mortality in Tg+ mice

The airway epithelial cell-specific EGFR-deficient Tg+ (Cre+/Tg+) and control (Cre-/Tg+, Cre+/WT, and Cre-/WT) mice were generated (Figure 1A), and three-week-old juveniles (Postnatal day 21; PND21) were assessed for endpoints including postnatal survival, RT-qPCR for genes relevant to mucoinflammatory responses, mucus obstruction, MCM, immune cell recruitment, cytokine levels, and bacterial load. The deletion of EGFR in the airway epithelial cells was confirmed by BaseScope assay (Figure 1B).
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Figure 1 | EGFR deletion in airway epithelial cells increases postnatal mortality but does not affect body weight change in Scnn1b-Tg+ (Tg+) mice. (A) Schematic diagram for the generation of airway epithelial cell-specific EGFR-deficient mice. Airway epithelial cell-specific EGFR-deficient Scnn1b-Tg+ (CCSP-Cre+/Egfrfl/fl/Tg+) mice were generated by interbreeding club cell-specific Cre recombinase (CCSP-Cre+), floxed Egfr (Egfrfl/fl), and Scnn1b-Tg+ mice. (B) In situ BaseScope hybridization for Egfr transcripts [red dots representing punctate staining for Egfr mRNA in airway epithelial cells (blue arrows) and alveolar epithelial cells (black arrows)] in EGFR-sufficient Tg+ (top panel) and airway epithelial cell-specific EGFR-deficient (bottom panel) Tg+ mice. (C) Survival curve for the progeny of the crosses between CCSP-Cre+/Egfrfl/fl/WT and CCSP-Cre-/Egfrfl/fl/Tg+ (or CCSP-Cre+/Egfrfl/fl/Tg+ and CCSP-Cre-/Egfrfl/fl/WT) mice. n= number of pups per genotype. ****p < 0.0001 (EGFR-sufficient WT (CCSP-Cre-/Egfrfl/fl/WT; Cre-/WT) vs EGFR-sufficient Scnn1b-Tg+ (CCSP-Cre-/Egfrfl/fl/Tg+; Cre-/Tg+)) and (EGFR-deficient WT (CCSP-Cre+/Egfrfl/fl/WT; Cre+/WT) vs EGFR-deficient Scnn1b-Tg+ (CCSP-Cre+/Egfrfl/fl/Tg+; Cre+/Tg+)), *p < 0.05 (Cre-/Tg+ vs Cre+/Tg+) by Gehan-Breslow-Wilcoxon test. Cre-/WT (black), Cre+/WT (green), Cre-/Tg+ (blue), and Cre+/Tg+ neonates (red). (D) Body weight change values represent body weight gain (positive value) or loss (negative value) as compared to gender- and age- matched Cre-/WT littermates. The body weights of the healthiest Cre-/WT male or female mice were set to 0. Individual body weight values for other littermates were generated by subtracting the body weight of Cre-/WT from body weight of each gender-matched littermates. Cre-/WT [blue open bar], Cre+/WT [red open bar], Cre-/Tg+ [solid blue bar], and Cre+/Tg+ [solid red bar] mice. Sample size (n=16-59/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. ***p < 0.001, ****p < 0.0001.

The germline deletion of EGFR in mice results in mortality between midgestation and PND 20, depending on the genetic background of the mice (14). Therefore, to determine whether the airway-epithelial cell-specific EGFR deficiency contributes to the embryonic mortality, we analyzed the possibility of embryonic mortality by calculating the mendelian ratio of the expected genotypes of neonates, i.e., Cre-/WT (n=80), Cre+/WT (n=72), Cre-/Tg+ (n=83), and Cre+/Tg+ (n=66). The mendelian ratio for the Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ progeny was 1.06:0.96:1.10:0.88, respectively. The calculated χ2 value of 0.498 suggested that the observed mendelian ratio was not significantly deviated from the expected mendelian ratio of 1:1:1:1. These data suggest that airway epithelial cell-specific deletion of EGFR doesn’t compromise embryonic viability.

The Tg+ mice exhibit significant postnatal mortality within the first 3 weeks of life (11, 26, 27). To determine the effect of airway epithelial cell-specific EGFR deletion on postnatal survivability of the Tg+ mice, we observed pups until PND20. The survivability was comparable between Cre-/WT and Cre+/WT pups (Figure 1C), suggesting that airway epithelial cell-specific EGFR deletion does not compromise postnatal survival in WT pups. Consistent with the previous studies (11, 26, 27, 39), Cre-/Tg+ exhibited ~41.5% mortality between PND0-PND20, with most of the deaths observed between PND7-PND17 (Figure 1C). As compared with the Cre-/Tg+ group, the Cre+/Tg+ mice showed significantly higher mortality rate of ~56.1% (Figure 1C). However, similar to the Cre-/Tg+ group, most of the deaths in Cre+/Tg+ mice occurred between PND7-PND17. We also investigated the effect of airway epithelial cell-specific deletion of EGFR on postnatal distress in mice by recording their body weights at PND21. Although the Tg+ pups of both genotypes displayed lower body weight at PND21, the airway epithelial cell-specific deletion of EGFR did not alter the postnatal body weight in WT and Tg+ juveniles (Figure 1D). These data suggest that the EGFR deletion promotes mucus obstruction, a pathogenic pathway that contributes to the neonatal mortality in Tg+ mice (11, 26, 27).





EGFR deletion in airway epithelial cells increases expression of type 2 inflammation-associated gene signatures and mucus obstruction in Tg+ juveniles

The Tg+ mice predominantly exhibit type 2 inflammation characterized by increased levels of Th2 cytokines, i.e., IL-4 and IL-13, and elevated type 2 inflammation-associated gene signatures (27, 30, 32, 39). Indeed, type 2 inflammation-associated mucus obstruction is known to be the primary cause of postnatal mortality in Tg+ mice (11, 26, 27). Here, we hypothesized that the exaggerated type 2 inflammation in the Cre+/Tg+ mice contributes to excessive mucus obstruction, which results in their increased mortality.

First, we analyzed the expression levels of type 2 inflammation-associated gene signatures, including Slc26a4, Retnla, Chi3l4, and Clca1. The mRNA levels for Slc26a4, Retnla, Chi3l4, and Clca1 were comparable in Cre-/WT and Cre+/WT mice (Figures 2A–D), which suggest that the EGFR deletion in the healthy airways does not induce type 2 inflammation. As reported previously (30, 32), the Slc26a4 mRNA levels trended higher in Cre-/Tg+ mice as compared with Cre-/WT and Cre+/WT mice (Figure 2A). The Slc26a4 mRNA levels were significantly higher in Cre+/Tg+ mice as compared with all the other three experimental groups (Figure 2A). The mRNA levels of Retnla and Chi3l4 were higher in Cre-/Tg+ versus Cre-/WT mice (Figures 2B, C). As compared with the Cre-/Tg+ mice, the mRNA levels of Retnla, Chi3l4, and Clca1 were higher in Cre+/Tg+ mice, with only Retnla showing a significant increase (Figures 2B–D). Because IL4Rα, a common receptor subunit for IL-4 and IL-13, is known to cause mucous cell metaplasia in Tg+ mice (11), we assessed the levels of IL-4 and IL-13. The IL-4 protein levels were comparable in BALF from Cre-/WT and Cre+/WT mice (Figure 2E). As reported previously (32, 40), Cre-/Tg+ mice had elevated IL-4 levels as compared with their WT counterparts (Figure 2E). As compared with the Cre-/Tg+ mice, the Cre+/Tg+ mice had insignificantly elevated (p =0.77) IL-4 levels (Figure 2E). The Il13 mRNA levels in the lung homogenates were comparable among Cre-/WT and Cre+/WT mice and significantly higher in the Cre+/Tg+ group versus the other three experimental groups (Figure 2F). Consistent with the mRNA levels, the IL-13 protein levels showed higher trend in Cre+/Tg+ mice compared to Cre-/Tg+ (p =0.06) (Figure 2G).
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Figure 2 | EGFR deletion in airway epithelial cells increases the expression of markers associated with type 2 inflammation in Tg+ juveniles. Absolute quantification of Slc26a4 mRNA (A), Retnla mRNA (B), Chi3l4 mRNA (C), and Clca1 mRNA (D) in the lungs from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status) (n=5-7/group). BALF cytokine levels (in pg/ml; picograms per milliliter) of IL-4 (n=7-9/group) (E) and absolute quantification of Il13 mRNA (F) in the lungs from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Sample size (n=5-7/group). (G) BALF cytokine levels (in pg/ml; picograms per milliliter) of IL-13 (n=6-8/group) in the lungs from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001. To minimize the number of horizontal lines in various panels (e.g., A), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (A), single horizontal significance line with three vertical ticks suggests significant difference for three comparisons, i.e., Cre+/Tg+ vs Cre-/Tg+, Cre+/Tg+ vs Cre+/WT, and Cre+/Tg+ vs Cre-/WT.

Airway mucous cell metaplasia (MCM) and mucus obstruction are consistent features of lung disease in Tg+ mice, where two gel-forming mucins, i.e., MUC5B and MUC5AC, primarily contribute to airway mucus obstruction (27). To investigate the effect of airway epithelial cell-specific EGFR deletion on MCM and mucus obstruction, we performed AB-PAS, MUC5B, and MUC5AC staining on the lung sections. While only a very small proportion of Cre-/WT and Cre+/WT mice showed minimal airway mucus obstruction, Cre-/Tg+ mice had a marked increase in the proportion of mucous cells (AB-PAS+, MUC5B+, and MUC5AC+) and the degree of airway mucus obstruction (Figures 3A–G, Supplementary Figure 1). The extent of MCM, as indicated by the proportion of AB-PAS+ and MUC5B+ airway epithelial cells, and the degree of airway mucus obstruction, as indicated by AB-PAS- and MUC5B-stained airway luminal contents, were significantly higher in Cre+/Tg+ mice compared with Cre-/Tg+ mice (Figures 3A, B, D–F). The proportion of MUC5AC+ airway epithelial cells was comparable between Cre+/Tg+ mice versus Cre-/Tg+ mice (Figures 3C, G). These data suggest that airway epithelial cell-specific EGFR deficiency results in increased MUC5B production and mucus obstruction in Tg+ juveniles.

[image: Histological images show tissue sections under different conditions labeled Cre/WT, Cre+/WT, Cre/Tg+, and Cre+/Tg+. The top row (A) is stained with AB-PAS, showing mucin in blue. Middle row (B) uses MUC5B staining, indicating mucin presence with arrows highlighting stained areas. The bottom row (C) shows MUC5AC staining. Graphs (D-G) provide quantitative data on mucous cells, obstruction score, and stained area percentage, with statistical significance marked by asterisks. Scale bars in images represent 50 micrometers.]
Figure 3 | EGFR deletion in airway epithelial cells promotes mucus obstruction in Tg+ juveniles. Representative photomicrographs of AB-PAS-stained (A), MUC5B-immunostained (B), and MUC5AC-immunostained (C) left lung lobe sections from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. All photomicrographs for each stain across all four groups were taken at the same magnification. (Cre-/WT [blue dotted border], Cre+/WT [red dotted border], Cre-/Tg+ [blue solid border], and Cre+/Tg+ [red solid border] mice). Blue arrows indicate MUC5B+ airway epithelial cells. (D) Semiquantitative histological scoring for airway mucus obstruction from AB-PAS-stained left lung sections from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. Sample size (n=9/group). (E) Number of mucous cells per millimeter of basement membrane from AB-PAS-stained left lung sections from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. Sample size (n=9/group). (F) Percent MUC5B-stained area in the first-generation airway section calculated using Fiji software. Sample size (n=9/group). (G) Percent MUC5AC-stained area in the first-generation airway section was calculated using Fiji software. Sample size (n=9/group). Different groups are shown as: Cre-/WT (blue open bar), Cre+/WT (red open bar), Cre-/Tg+ (blue solid bar), and Cre+/Tg+ (red solid bar). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, ***p < 0.001, ****p < 0.0001. To minimize the number of horizontal lines in various panels (e.g., D), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (D), single horizontal significance line with three vertical ticks suggests significant difference for two comparisons, i.e., Cre-/Tg+ vs Cre+/WT, and Cre-/Tg+ vs Cre-/WT.





EGFR deletion in airway epithelial cells worsens inflammatory features in Tg+ juveniles

Increased total protein and dsDNA contents in the BALF are indicative of lung inflammation (32, 41, 42). Therefore, to determine the effect of airway epithelial cell-specific EGFR deletion on lung inflammation, we assessed total protein and dsDNA contents in the BALF. BALF total protein and dsDNA contents were comparable among Cre-/WT and Cre+/WT mice (Figures 4A, B). Cre-/Tg+ mice, on the other hand, had significantly elevated BALF total protein and an increasing trend of dsDNA contents, as compared with Cre-/WT and Cre+/WT mice (Figures 4A, B). Deletion of EGFR in the airway epithelial cells significantly increased the BALF total protein and dsDNA contents in Cre+/Tg+ mice compared with all other experimental groups (Figures 4A, B), suggesting that airway epithelial cell-specific deletion of EGFR contributes to exaggerated lung inflammation in Tg+ juveniles.

[image: Bar graphs labeled A and B compare total protein and dsDNA levels in different genetic groups. In A, the total protein levels increase significantly, marked by stars, across four groups: Egfr fl/fl (-), Egfr fl/fl (+), Egfr Scnn1b-Tg fl/fl (-), and Egfr Scnn1b-Tg fl/fl (+). In B, dsDNA levels also show an increase with statistical significance in the same groups. The differences are indicated by asterisks, signifying the level of statistical significance.]
Figure 4 | Airway epithelial cell-specific EGFR-deficient Tg+ mice exhibit elevated BALF protein and dsDNA contents. The total protein contents (µg/ml) (A) and dsDNA contents (ng/µl) (B) in cell-free BALF from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Sample size (n=7-9/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001. To minimize the number of horizontal lines in various panels (e.g., A), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (A), single horizontal significance line with three vertical ticks suggests significant difference for two comparisons, i.e., Cre-/Tg+ vs Cre+/WT, and Cre-/Tg+ vs Cre-/WT.

To determine whether the increase in the BALF protein levels in Cre+/Tg+ mice is caused by epithelial barrier dysfunction, we assessed the mRNA levels of key apical junction complex proteins that are critical for epithelial barrier function. The mRNA levels of genes encoding adherens junction (AJ) proteins, i.e., E-Cadherin (Cdh1), were significantly reduced in Cre+/Tg+ mice as compared with Cre-/Tg+ mice (Supplementary Figure 2A). The mRNA levels of genes encoding tight junction (TJ) proteins, including Claudin 5 (Cldn5), Occludin (Ocln), and ZO1 (Tjp1), adherens junction (AJ) proteins, i.e., Beta-catenin (Ctnnb1), and gap junction protein, i.e., Connexin 43 (Cx43) trended lower in Cre+/Tg+ mice as compared with Cre-/Tg+ mice (Supplementary Figures 2B–F). Consistent with the reduced Cdh1 mRNA levels, the immunohistochemical staining of E -Cadherin showed reduced staining intensity in Cre+/Tg+ mice as compared with Cre-/Tg+ mice (Supplementary Figure 2G).

Next, we determined the effect of airway epithelial cell-specific EGFR deletion on immune cell recruitment into the airspaces by performing immune cell analyses in the BALF from all four experimental groups. Cre-/WT and Cre+/WT mice had comparable total immune cells in the BALF (Figures 5A, D). The proportion of four types of immune cells, i.e., macrophages, neutrophils, eosinophils, and lymphocytes, were also comparable among Cre-/WT and Cre+/WT mice (Figures 5B–D). These data suggest that the airway epithelial cell-specific deletion of EGFR doesn’t alter immune cell composition in the airspaces of WT mice. Consistent with previous reports (26, 27, 32, 40), as compared with the Cre-/WT and Cre+/WT mice, the total cell counts were significantly increased in Cre-/Tg+ mice, which was mainly attributable to increase in macrophages, neutrophils, eosinophils, and lymphocytes (Figures 5A–D). The total cell counts were significantly increased in Cre+/Tg+ as compared with Cre-/Tg+ mice (Figures 5A–D), which was attributable to the increased numbers of macrophages and neutrophils (Figures 5B–D). These data suggest that airway epithelial cell-specific deficiency of EGFR enhances neutrophil and macrophage recruitment into the airspaces of Tg+ mice.

[image: Bar graphs and cell images illustrate the effects of Egfr and Scnn1b-Tg on lung cells. Graph A shows total cell counts, with fl/fl and fl/fl + Tg displaying higher counts. Graph B shows differential cell counts by type, and Graph C presents percentages. Color-coded bars represent lymphocytes, eosinophils, neutrophils, and macrophages. Image D displays lung cell samples under different conditions, highlighting specific cell types with arrows. Significant differences are marked with asterisks.]
Figure 5 | EGFR deletion in airway epithelial cells modulates immune cell recruitment in airspaces of Tg+ mice. Total cell counts (A) are shown for Cre-/WT [blue open bar], Cre+/WT [red open bar], Cre-/Tg+ [solid blue bar], and Cre+/Tg+ [solid red bar] mice (n=12/group). Differential cell counts (B) and the relative percentages (C) are presented as a stacked bar graph (macrophages [red bar], neutrophils [blue bar], eosinophils [green bar], and lymphocytes [black bar]) in the harvested BALF from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. Sample size (n=11-12/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (D) Representative photomicrographs of Wright-Giemsa-stained BALF cytospins from Cre-/WT, Cre+/WT, Cre-/Tg+, and Cre+/Tg+ mice. Macrophages (red arrows), neutrophils (blue arrows), eosinophils (green arrows), and lymphocytes (black arrows). All photomicrographs in panel D were taken at the same magnification. To minimize the number of horizontal lines in various panels (e.g., A), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (A) single horizontal significance line with three vertical ticks suggests significant difference for two comparisons, i.e., Cre-/Tg+ vs Cre+/WT, and Cre-/Tg+ vs Cre-/WT.

Next, we assessed the effect of airway epithelial cell-specific EGFR deletion on inflammatory mediators released into the lung airspaces by determining BALF cytokines and chemokines levels. The levels of primary neutrophil-specific chemokines, including KC/CXCL1, G-CSF, and MIP-2/CXCL2, were comparable among Cre-/WT and Cre+/WT mice (Figures 6A–C). Consistent with the increased neutrophil counts in Cre-/Tg+ mice, KC/CXCL1, G-CSF, and MIP-2/CXCL2 levels trended higher in Cre-/Tg+ compared with Cre-/WT and Cre+/WT mice (Figures 6A–C). Mirroring the additional increase in neutrophil counts in Cre+/Tg+ mice compared with Cre-/Tg+ mice, KC/CXCL1, G-CSF, and MIP-2/CXCL2 levels were significantly increased in Cre+/Tg+ mice compared with Cre-/Tg+ mice (Figures 6A–C). Consistent with the increased macrophage counts, the levels of MIP-1α/CCL3 and MIP-1β/CCL4, the chemokines reported to drive macrophage/monocyte recruitment (43–45), were significantly increased in Cre+/Tg+ mice compared with all other three experimental groups (Figures 6D, E). Other inflammatory mediators, such as TNF-α, showed significantly higher expression levels in Cre+/Tg+ mice compared with all other experimental groups (Figure 6F), and IL-6 showed significantly higher expression levels in Cre+/Tg+ mice compared with WT groups and a higher trend in Cre+/Tg+ mice than Cre-/Tg+ mice (Figure 6G). We also assessed the levels of IL-5, a type 2 cytokine that plays a key role in the proliferation, maturation, and differentiation of eosinophils (46, 47). IL-5 levels were significantly higher in Cre-/Tg+ mice and trended higher in Cre+/Tg+ mice versus their WT counterparts (Figure 6H). Consistent with the comparable eosinophil counts, IL-5 levels did not differ significantly between Cre-/Tg+ and Cre+/Tg+ mice (Figure 6H). These data suggest that the airway epithelial cell-specific deletion of EGFR promotes a pro-inflammatory microenvironment in Tg+ airways that dictates the recruitment of inflammatory immune cells into the airspaces.

[image: Bar charts labeled A to H showing levels of different cytokines in pg/ml across groups with Cre, Egfr flox, and Scnn1b-Tg variations. Each chart compares cytokine levels, with significant differences indicated by asterisks. Grouping factors are expressed by different colored bars and data points, with error bars indicating variability. Statistical significance is denoted by p-values and asterisks, indicating varying levels of significance between groups.]
Figure 6 | EGFR deletion in airway epithelial cells alters the levels of inflammatory mediators in the airspaces of Tg+ mice. Cell-free BALF cytokine levels (pg/ml; picograms per milliliter) of KC (A), G-CSF (B), MIP-2 (C), MIP-1α (D), MIP-1β (E), TNF-α (F), IL-6 (G), and IL-5 (H) in WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Sample size (n=7-9/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. To minimize the number of horizontal lines in various panels (e.g., B), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In (B) single horizontal significance line with three vertical ticks suggests significant difference for three comparisons, i.e., Cre+/Tg+ vs Cre-/Tg+, Cre+/Tg+ vs Cre+/WT, and Cre+/Tg+ vs Cre-/WT.





EGFR deletion in airway epithelial cells compromises bacterial clearance in airspaces of Tg+ mice

Spontaneous bacterial infections due to a defect in the mucociliary clearance resulting from mucostasis are a consistent feature of Tg+ lung disease (29, 31, 32, 39, 40, 48). These bacterial infections are, however, reported to be cleared in the early adulthood (29). To determine the effect of airway epithelial cell-specific EGFR deletion on the clearance of spontaneous bacterial infections, we estimated airspace bacterial burden by determining the colony-forming unit (CFU) counts in BALF at PND21. The BALF collected from Cre-/WT and Cre+/WT mice were devoid of bacterial colonies (Figure 7). Approximately 50% (6 out of 12) of Cre-/Tg+ mice still had lower bacterial counts (mean CFU= ~108/ml) (Figure 7). In contrast, 91.6% (11 out of 12 mice) of Cre+/Tg+ mice showed bacterial burden (mean CFU= ~3907/ml), which was significantly higher as compared with Cre-/Tg+ mice (Figure 7). These data suggest that the airway epithelial cell-specific EGFR deletion delays bacterial clearance in Tg+ mice.

[image: Bar graph showing Log₁₀ CFU/ml levels for different genotypes: Cre-negative, Egfr fl/fl with Scnn1b-Tg absent, and Cre-positive, Egfr fl/fl with Scnn1b-Tg present. The Cre-positive, Scnn1b-Tg present group (red bar) shows significantly higher levels compared to other groups, indicated by asterisks representing varying levels of statistical significance.]
Figure 7 | Airway epithelial cell-specific deletion of EGFR compromises bacterial clearance in Tg+ mice. Colony Forming Units (CFU) were counted in BALF from Cre-/WT [blue open bar], Cre+/WT [red open bar], Cre-/Tg+ [solid blue bar], and Cre+/Tg+ [solid red bar] mice. The CFU values were log10-transformed. Sample size (n=12/group). Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05, **p < 0.01, ****p < 0.0001. To minimize the number of horizontal lines in various panels, single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In Figure 7, single horizontal significance line with three vertical ticks suggests significant difference for two comparisons, i.e., Cre-/Tg+ vs Cre+/WT, and Cre-/Tg+ vs Cre-/WT.






Discussion

The EGFR signaling is implicated in the pathogenesis of airway hypersecretory and mucoinflammatory diseases such as asthma and COPD (12). The expression of EGFR and its ligands, including amphiregulin and heparin-binding EGF (HB-EGF), is increased in airway epithelial cells in asthmatics compared with non-asthmatic patients (49). EGFR signaling is also critical for inducing mucous cell metaplasia (MCM) in animal models and for mucins expression in human airway epithelial cells (6, 21–24). The levels of gel-forming mucins, i.e., MUC5AC and MUC5B, and the expression of EGFR and its ligands, i.e., TGF-α and amphiregulin, are elevated in the CF patients (25, 50). However, the pathogenic role of EGFR signaling in mucoinflammatory lung diseases remains unknown.

In this study, we investigated the role of airway epithelial cell-specific EGFR signaling in the pathogenesis of mucoinflammatory lung disease in Scnn1b-transgenic (Tg+) mice, a mouse model of human CF-like lung disease. More specifically, we attempted to answer the following questions: 1) Does airway epithelial cell-specific deletion of EGFR affect the respiratory tract homeostasis in WT mice? 2) Does airway epithelial cell-specific deletion of EGFR affect the embryonic and postnatal survivability in Tg+ mice? 3) Does airway epithelial cell-specific deletion of EGFR affect the MCM, mucins production, and mucus obstruction in Tg+ mice? 4) Does airway epithelial cell-specific deletion of EGFR affect the inflammatory outcomes in Tg+ mice? 5) Does airway epithelial cell-specific deletion of EGFR affect bacterial clearance in Tg+ mice? To answer these questions, we examined the effect of airway epithelial cell-specific EGFR deficiency on the manifestation of mucoinflammatory outcomes in Tg+ mice.

First, we assessed the effect of airway epithelial cell-specific EGFR deficiency on the composition of mucous cells, a cell type specialized in the synthesis and secretion of mucins (51), in WT mice. Consistent with previous studies (11, 26, 27, 32), the mucous cells were minimal and comparable in EGFR-sufficient WT (Cre-/WT) and airway epithelial cell-specific EGFR-deficient WT (Cre+/WT) mice. These data suggest that airway epithelial cell-specific EGFR deficiency does not alter the epithelial cell composition in the WT mice. Next, we assessed the effect of airway epithelial cell-specific EGFR deficiency on the numbers and composition of immune cells in the airspaces of WT mice. The Cre-/WT and Cre+/WT mice had a comparable total number of immune cells dominated by macrophages, suggesting that airway epithelial cell-specific EGFR deficiency does not alter the immune cell composition in WT mice. Additionally, the BALF levels of total protein, dsDNA, and inflammatory mediators were also comparable between Cre-/WT and Cre+/WT mice. These data suggest that airway epithelial cell-specific deletion of EGFR does not affect the respiratory tract homeostasis in WT mice.

Next, we examined the effect of airway epithelial cell-specific EGFR deficiency on the embryonic and postnatal survivability. Although the germ-line deletion of EGFR results in embryonic lethality (14), as indicated by the mendelian ratio of expected progeny obtained, the airway epithelial cell-specific EGFR deficiency did not result in any embryonic lethality. However, the airway epithelial cell-specific EGFR deficiency compromised the postnatal survival in Tg+ mice. Earlier studies have shown that the postnatal mortality in Tg+ mice is mainly attributed to sudden respiratory collapse due to airway mucus obstruction (11, 26, 27). Therefore, we next compared the severity of mucus obstruction between EGFR-sufficient Tg+ (Cre-/Tg+) and airway epithelial cell-specific EGFR-deficient Tg+ (Cre+/Tg+) mice. We found that airway epithelial cell-specific EGFR deficiency results in increased mucus obstruction in Tg+ mice, which was likely a factor in their increased postnatal mortality.

The static mucus in the Tg+ mice primarily consists of mixed mucopolysaccharide material that stains positive for two major gel-forming mucins, i.e., MUC5B and MUC5AC (31, 32, 40). The absence of MUC5B, not MUC5AC, significantly reduces the extent of mucus plugging or airway mucus obstruction in Tg+ mice, suggesting the unique contribution of MUC5B to the mucoinflammatory phenotype of these mice (52). Consistent with this report, the airway epithelial cell-specific deletion of EGFR significantly increased MUC5B levels without altering the MUC5AC levels. Our previous reports also found a strong association between MUC5B expression and mucus obstruction (39, 40). These findings suggest that increased MUC5B levels in Cre+/Tg+ mice might have contributed to the exaggerated mucus obstruction and postnatal mortality.

Earlier studies have shown that Tg+ mice exhibit mucus obstruction along with MCM, suggesting that MCM, in part, may contribute to mucus obstruction (26, 27, 32, 48). The mucous cells, indicative of MCM, stain positive for mucopolysaccharide material (MUC5B and MUC5AC) in the Tg+ mice (31, 32, 40). Pharmacological inhibition of EGFR signaling, using drugs such as AG-1478, gefitinib, or BIBX1522, has been demonstrated to reduce MCM in both acute and chronic asthma models (6, 53–55), suggesting a contributory role of EGFR in MCM. Consequently, we compared MCM between Cre-/Tg+ and Cre+/Tg+ mice. In contradiction to the pharmacological EGFR inhibition reports in experimental asthma models (6, 53–55), the airway epithelial cell-specific EGFR deficiency resulted in an enhanced MCM in Tg+ mice, a trend consistent with the increased mucus obstruction in these mice. These opposing effects observed between cell-specific genetic deletion and broad-spectrum pharmacological inhibition indicate that EGFR pathway in non-airway epithelial cells may also contribute to the manifestation of MCM.

IL-4 and IL-13 via IL4Rα signaling have been known to drive MCM in 10-day-old Tg+ mice (11) and mice models of allergic asthma (10, 56). In our study, the Il13 mRNA levels were significantly upregulated in Cre+/Tg+ versus Cre-/Tg+ mice. IL-13 and IL-4 levels also showed a higher trend in Cre+/Tg+ versus Cre-/Tg+ mice. The mRNA levels of Slc26a4 and Retnla, markers of type 2 inflammation, were also significantly upregulated in Cre+/Tg+ versus Cre-/Tg+ mice. These data suggest that increased IL-13 expression might have contributed in part to the increased MCM, type 2 inflammatory markers, MUC5B expression, and mucus obstruction in mice with airway epithelial cell-specific EGFR deficiency.

Airway inflammation, indicated by increased immune cell recruitment and elevated proinflammatory mediators, is a consistent feature of CF and Tg+ airways (26, 27, 31, 32, 39, 40, 48, 57–60). In the current study, the airway epithelial cell-specific EGFR deficiency resulted in increased neutrophil and macrophage infiltration into the airspaces of Tg+ mice. These findings are consistent with the studies where inhibition of EGFR signaling increased neutrophil and macrophage recruitment, and increased mRNA expression of chemokines involved in their recruitment to the inflamed tissues (61–65). Consistent with these reports, the Cre+/Tg+ mice had increased levels of BALF neutrophil- and macrophage-specific chemokines. Of note, neutrophil elastase (NE), a serine proteinase secreted by neutrophils, has been implicated in the induction of MCM and mucin expression (66, 67). The ablation of NE in Tg+ mice resulted in a significant decrease in MCM, and expression levels of genes associated with mucous cells and mucins secretion, i.e., Clca1/Gob5, Muc5ac, and Muc5b (68). Therefore, it is likely that the neutrophil-derived NE contributed to the increased MCM in Cre+/Tg+ mice. Macrophages are reported to secrete IL-13 in response to stimulation with IL-33, an alarmin that is increased in Tg+ mice (39, 69). Since Cre+/Tg+ mice have increased macrophage recruitment, it is possible that increased IL-13 levels in Cre+/Tg+ mice is attributable to increased IL-13 production by macrophages.

The airway epithelial cell-specific EGFR deficient Tg+ mice, as compared with the EGFR sufficient Tg+ mice, exhibited significantly increased levels of BALF proteins and dsDNA, which suggests the detrimental effect of EGFR deletion on the epithelial integrity in Tg+ mice. Tight junction, adherens junction, and gap junction proteins are essential for maintaining airway epithelial barrier integrity (70, 71). In the current study, the Cre+/Tg+ mice exhibited relatively reduced mRNA levels of genes encoding junction proteins. Additionally, the immunohistochemical staining for E-Cadherin showed reduced staining intensity in Cre+/Tg+ mice. This finding is consistent with a study that demonstrated decreased cadherin-based cell adhesion upon downregulation of the EGFR pathway (72). However, the role of EGFR in regulating these junction proteins is unclear, with some studies suggesting positive regulation (72), while others suggesting negative regulation (73–76).

The Tg+ mice are prone to spontaneous bacterial infections arising from the aspiration of bacteria of oropharyngeal origin (29). These bacterial infections are usually resolved by 3–4 weeks of age, likely due to the maturation of the immune system in Tg+ juveniles (29). In the current study, the airway epithelial cell-specific deficiency of EGFR resulted in significantly compromised bacterial clearance in Tg+ mice. Since airway epithelial cell-specific EGFR deficiency in Tg+ mice exaggerated the mucus obstruction, the delayed bacterial clearance in these mice was likely caused by the exaggerated mucus obstruction.

A limitation of this study is that it did not investigate how the EGFR deletion in airway epithelial cells in Tg+ juveniles affects the expression of EGFR in other cell types. Additionally, the effect of EGFR deletion in airway epithelial cells on the recruitment of immune cells were only investigated for 4 immune cell populations i.e., macrophages, eosinophils, neutrophils, and lymphocytes. Given the wide repertoire of immune and non-immune cell population, single cell sequencing experiments in the future to investigate the effect of EGFR deletion in airway epithelial cells in Tg+ juvenile on various cell populations are important.

Based on our findings, we propose a conceptual model (Figure 8) wherein the deletion of EGFR in the airway epithelial cells in Tg+ mice triggers a series of events that lead to MCM, MUC5B overproduction and mucus obstruction leading to increased postnatal mortality and increased bacterial burden in these mice. The deletion of EGFR in the airway epithelial cells in Tg+ mice compromises apical junction complex integrity, which causes increased recruitment of neutrophils and macrophages in the airway. The compromised epithelial barrier integrity, the NETs and the dying cells contribute to the increased BALF total protein and dsDNA contents. Neutrophil-derived NE, macrophage-derived IL-13 or other immune cell-derived IL-13 may contribute to the MCM, MUC5B overproduction and mucus obstruction leading to postnatal mortality and increased bacterial burden in these mice.

[image: Diagram illustrating the effects of EGFR deletion in airway epithelium of Scnn1b-Tg+ mice at postnatal day 21. It shows compromised apical junctions, increased neutrophils, and macrophages. NETs, dsDNA, and proteins are released. IL-13 affects immune cells, leading to MCM, MUC5B production, mucus obstruction, and increased bacterial burden, resulting in postnatal mortality.]
Figure 8 | Conceptual model illustrating the potential mechanism by which the absence of EGFR in the airway epithelium increases the mucoinflammatory response in Tg+ mice. The deletion of EGFR in the airway epithelial cells in Tg+ mice triggers a series of events that lead to MCM, MUC5B overproduction and mucus obstruction leading to increased postnatal mortality and increased bacterial burden in these mice. The deletion of EGFR in the airway epithelial cells in Tg+ mice compromises apical junction complex integrity which causes increased recruitment of neutrophils and macrophages in the airway. The compromised epithelial barrier integrity, the NETs and the dying cells contribute to the increased BALF total protein and dsDNA contents. Neutrophil-derived NE, macrophage-derived IL-13 or other immune cell-derived IL-13 may contribute to the MCM, MUC5B overproduction and mucus obstruction leading to postnatal mortality and increased bacterial burden in these mice.

In conclusion, this study demonstrated that the airway epithelial cell-specific deletion of EGFR significantly worsens the mucoinflammatory responses in Tg+ mice lungs, including increased degree of mucus obstruction, MCM, MUC5B production, increased inflammatory cell recruitment, elevated levels of inflammatory mediators and type 2 inflammation-associated markers, compromised postnatal survival, and delayed bacterial clearance. These data highlight the cell-specific role of the EGFR signaling pathway and suggest that the pan-cellular inhibition of this pathway, using pharmacological inhibitors, may worsen mucoinflammatory lung disease.
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Supplementary Figure 1 | Representative photomicrographs of AB-PAS-stained (A), MUC5B-immunostained (B), and MUC5AC-immunostained (C) whole left lung lobe sections from Cre-/Tg+, and Cre+/Tg+ mice. All photomicrographs for each stain across both the groups were taken at the same magnification. (Cre-/Tg+ [blue solid border] and Cre+/Tg+ [red solid border] mice).

Supplementary Figure 2 | Absolute quantification of Cdh1 mRNA (A), Cldn5 mRNA (B), Ctnnb1 mRNA (C), Ocln mRNA (D), Tjp1 mRNA (E), and Cx43 mRNA (F) in the lungs from WT mice (with Cre- or Cre+ status) and Tg+ mice (with Cre- or Cre+ status). Sample size (n=5-7/group). (G) Representative photomicrographs of E-Cadherin-immunostained left lung lobe sections from Cre-/Tg+ and Cre+/Tg+ mice. The photomicrographs across both the groups were taken at the same magnification. (Cre-/Tg+ [blue solid border] and Cre+/Tg+ [red solid border] mice). Blue solid arrows indicate strong E-Cadherin staining in airway epithelial cells while dotted blue arrows indicate reduced staining intensity of E-Cadherin in airway epithelial cells. Error bars represent Mean ± SEM. One-way ANOVA followed by Tukey’s post hoc test was used for the statistical analysis. *p < 0.05. To minimize the number of horizontal lines in various panels (e.g., Figure 2A), single horizontal line with small vertical ticks were used to indicate statistically significant differences. The positioning of small vertical ticks indicates the group that is significantly different from the reference group (with no vertical line). In Figure 2A, single horizontal significance line with three vertical ticks suggests significant difference for three comparisons, i.e., Cre+/Tg+ vs Cre-/Tg+, Cre+/Tg+ vs Cre+/WT, and Cre+/Tg+ vs Cre-/WT.
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Experimental diets

Components
CK G2 G4

White fishmeal 40.00 32.00 24.00 16.00 8.00
Chicken powder 10.00 10.00 10.00 10.00 10.00
Corn gluten flour 8.00 8.00 8.00 8.00 8.00
Glycinin 0.00 2.08 4.16 6.24 8.32
Casein 0.00 2.72 5.44 8.16 10.88
Soybean phospholipid oil | 5.00 5.60 6.20 6.80 7.40
High gluten flour 27.50 ' 30.10 ‘ 32.70 35.30 37.90
Choline chloride 1.00 1.00 1.00 1.00 1.00
Vitamin premix : 2.00 2.00 2.00 2.00 2.00
Mineral premix > 2.00 2.00 h 2.00 2.00 2.00
Sodium alginate 2.00 2.00 2.00 2.00 2.00
Antioxidant 0.50 0.50 0.50 0.50 0.50
Anti-mildew agent 0.50 0.50 0.50 0.50 0.50
Betaine 1.00 1.00 1.00 1.00 1.00
Chromium trioxide 0.50 0.50 0.50 0.50 0.50

Nutritional composition

Moisture 12.59 12.96 12.51 12.92 12.88
Crude protein 42.41 42.19 42.39 42.17 42.62
Crude lipid 9.23 9.14 9.73 9.13 9.38
Ash 8.80 » 8.92 8.71 8.30 8.14

!Vitamin premix (mg/kg diet): vitamin A, 1.67; vitamin D, 0.027; vitamin E, 50.20; vitamin K,
11.10; vitamin C, 100.50; folic acid, 5.20; calcium pantothenate, 50.20; inositol, 100.50; niacin,
100.50; biotin, 0.12; cellulose, 645.25.

2Mineral premix (mg/kg diet): NaCl, 500.15; MgSO,47H,0, 8,155.55; NaH,PO42H,0,
12,500.51; KH,PO,, 16,000.51; Ca(H,PO,),-H,0, 7,650.50; FeSO,:7H,0, 2,286.15;
CsH,0CaOg5H,0, 1,750.12; ZnSO,-7H,0, 178.12; MnSO4-H,0, 61.35; CuSO,5H,0, 15.45;
CoS047H,0, 0.89; KI, 1.5; Na,SeOs, 0.59.
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Overexpression of SAE1/Uba2 promotes glycolysis in cells, increases lactate

E1 activati AE1-SAE2 (Aosl 2 heterodi 133
eI S § SAEZ (A0St /U2 hieterodiiien) secretion and enhances the expression of proinflammatory cytokines. s
g Both conditional ablation and overexpression of Ubc9 in pancreatic f3 cells
E2 6¢
copjugsting enzymes; | Ubed impair B cell function and subsequently lead to diabetes. &)
PIASL PIASx (2), PIAS3, PIASy (4) ?IAS.-family pljotéins mediate the SUMOylation of Glis3, leading to decreased (134)
insulin transcription.
ZNF451 ZN,F451. inhibits the transcription of Smad3/4 and negatively regulates TGF- (13%)
B signaling.
Inhibition of the Insulin-like Growth Factor 1 Receptor (IGFI1R)/RanBP2/
RanBP2 SUMOLI complex formation restricts the expression of (136)
E3 ligases proinflammatory cytokines.
SAE1/Uba2 promotes the phosphorylation and nuclear translocation of PKM2
STAT through SUMOylation, thereby enhancing STATSA expression and (133)
regulating glycolysis.
Pc2 _ o
MAPL MAPL regulates inflammatory responses by suppressing NLRP3 inflammasome 4
activity through SUMOylation.
SENP2 modulates diabetes-associated lipid metabolism through regulating the (106)
deSUMOylation of SET domain bifurcated 1 (Setdbl).
deSUMOylation SENPs 1-3 and 5-7
SENP6 and SENP7 regulate NLRP3 inflammasome activity through their -

deSUMOylation modification function.
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SUMO1

SUMO1

Enz

Ubc9

SENP3

TRIM28

MAPL,SENP6, SENP7

Findings

They both participate in the apoptotic death pathway
caused by oxidative stress.

Serine starvation induces SUMOL1 to modify NRF2 for
self-de novo synthesis.

Amyloid B (Ap) inhibits the signaling of the
endogenous antioxidant Nrf2 by decreasing its SUMO
modification levels

ROS induces abnormal nucleolar activation of NRF2
through deSUMOylation.

SUMO2 modifies NRF2 to affect its transcriptional
activity and effective nucleocytoplasmic localization.

TRIM28 stabilizes NLRP3 protein expression and
enhances subsequent inflammasome activation.

SUMOI mediates SUMOylation of NLRP3 protein.

SENP6 and SENP7 reverse MAPL negative regulation of
inflammasome formation.

ZBTB16 promotes inflammasome by controlling the
modification of the ASC.

References

(63, 64)

(70)

(68)

(69)

©67)

(72)

(73)

(74,75)

(76)
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it Ry SUMO2/3-dependent SUMOylation enhances RUNXI | RUNXI protein promotes mRMEC proiferation, migration (107, 108)
protein stability. and angiogenesis.
< IkBo. SUMOylates and inhibits NF-kB p65 activation Stabilization of IxBo. protects the lens from high glucose- (109)
Diabetic cataract a o ; i
and oxidative stress. induced oxidative damage.
SUMOylation of IkBo is reduced. It is involved in the development of DN by activating the NF- (110)
KB signaling pathway.
Diabetic nephropathy
c-Maf deletion reduces the expression of glucose It improves hyperglycemia and oxidative stress. (122)
transport genes Sglt2 and Glut2.
SUMO?2 differentially regulates NF-KB expression in The role of SUMOylation in developing autoimmune diabetes (111)
T cells. in vivo remains to be investigated.
Autoimmune diabetes
Attenuation of c-Maf SUMOylation induces CD8 T Granzyme B causes B cell apoptosis. (121)
cells to produce granzyme B.
TIDM The enhanced SUMOI1 conjugation to c-Maf resulted This is detrimental to the normal development of protective (130)
in decreased IL-4 production. Th2 cells.
T2DM PKR interacts with Ubc9 to promote SUMOylation- Enhanced transcriptional activity of P53 arrests the cell cycle of ~ (132)

dependent stabilization of P53. B-cell proliferation.
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Causative Agent

Therapeutic Agent/dosage/
method of administration

Target pathway

Outcomes

Experimental
model

References

LPS (100 pg/intramammary)-
induced mastitis

LPS (100 pg/intramammary)-
induced mastitis

Streptococcus uberis (1 x 107
CFU/intramammary injection)-
induced mastitis

LPS (10 pig/mL)-induced mastitis

LPS-induced mastitis in vivo
and in vitro

LPS (100 pg/intramammary)-
induced mastitis

LPS (2.5 mg/kg)-induced
inflammation and oxidative stress

LPS-induced oxidative stress

LPS- induced mastitis

LPS (10 tg)-induced mastitis

LPS-induced mastitis

LPS (100 uL)-induced mastitis
via nipple duct injection in 5-7
days postpartum mice

. uberis (1 x 107 CFU/
intramammary injection)-
induced mastitis

S. aureus (1 x 107 CFU)-
induced mastitis

. aureus (1 x 107 CFU)-induced
oxidative stress and apoptosis

Corynoline (Benzylisoquinoline, extracted from
Corydalis bungeana Turcz)/60 mg/
kg/intraperitoneally

Resveratrol (3,5,4"trihydroxy-trans-stilbene,
medicinal plant based) 100 mg/kg/orally

Caffeic acid (Hydroxycinnamic acid, composed
of A carboxylic acid group attached to phenyl
ring through a two-carbon alkene chain) 10 mg/
kg/intramammary administration

Sulforaphane (1-isothiocyanato-4-
‘methylsulfinylbutane, medicinal plant based) 50
mg/kg/day via intraperitoneal injection for 7
days (in vivo) and 20 pM/cell culture (in vitro)

Wogonin (5,7-dihydroxy-8-methoxyflavone,
medicinal plant-based flavonoid) 40 mg/
kg/intraperitoneally

Resveratrol (3,5,4"trihydroxy-trans-stilbene) 2
my/kgforally for 15 days

Sanguinarine (A benzophenanthridine alkaloid
derived from Sanguinaria canadensis and poppy
Fumaria species)/50 yM/intraperitoneally

Kynurenic acid (2-Hydroxy-3-carboxy-6-
‘methoxybenzeneacetic acid, a metabolite of
tryptophan)/100 mg/kg/intraperitoneally

Dioscin (a natural compound extracted from the
tubers of Dioscorea japonica)/45 mg/kg/
daylorally

Schisandrin A (dibenzocyclooctadiene lignane,
derived from the plant Schisandra chinensis)/40
mg/kg/administered via intraperitoneal injection

Dimethyl itaconate (Cell-permeable derivative of
itaconate and a metabolite of the tricarboxylic
acid cycle)/25 mg/kg/intraperitoneal

Taurine (2-aminoethanesulfonic acid) 100 mg/kg
body weight/intraperitoneally

Diosmetin (3'57-trihydroxy-4'-methoxyflavone,
plant based)/25 mg/kg/intramammary one hour
before S. aureus treatment

Saikosaponin (Triterpene saponin, derived from
the roots of Bupleurum falcatum)/20 mg/
kg/intramammary

AKT/GSK3B/NiT2
signaling pathway

GPRI09A/AMPK/NRF2

Nif2/Keap!
signaling pathway

NE-KB/Nrf2
signaling pathway

Nif2 Signaling Pathway

NE-KB/Nrf2/HO-1

signaling pathway

NE-Kb/Nrf2 Signaling

Nrf2/HO-1
signaling pathway

NE-KB/Nrf2/HO-1
signaling pathway

AMPK/NI2/NF-kB
signaling Pathway

Nf2 signaling pathway

MAPKs/Nrf2/NF-xB
signaling pathways

NF-kB/AMPK/Nrf2
signaling pathway

NF-kb/Nrf2/HO-1
Signaling pathway

SIRTI/NIE2
Signaling pathway

 Inhibited inflammatory changes via downregulation of NE- kB, TNF-a:
and IL-1 expressions

< Upregulated the expressions of Nrf2, AKT and GSK3 and reduced the
level of MDA

< Finally, the Corynoline ameliorated mastitis by promoting antioxidant
activity and anti-inflammatory response via AKT/GSK3B/Nrf2

signaling pathway

 Elevated levels of GPRI09A, Nrf2 and AMPK to enhanced antio
response and relieve oxidative stressed

< Ameliorated the inflammatory changes via downregulating IL-6, IL-1,
and TNF-a.

 Prevented mastitis via regulating the GPR109A/AMPK/NRF-2 in
‘mammary epithelial cells

nt

 Suppressed via inflammation and oxidative stress via activation of
Nrf2/Keapl signaling pathway
 Protected mouse mammary gland from oxidative damage and mastitis

© Significantly reduced LPS-induced ROS production which promote the
inflammatory changes and oxidative stress in mammary gland epithelial
cells

© Prevented the activation of NF-KB by activating IxBo: and promote the
dissociation of Nrf2 from its cytoplasmic inhibitor Keapl

© By elevating level of Nrf2 and suppression of NF-xB activity, caffeic
acid enhanced the antioxidant response and relieved inflammation

< Alleviated mammary tissue damage and inhibited the oxidative burst
and neutrophil chemotaxis

 Suppressed ROS level and enhanced antioxidant response
 Prevented inflammatory changes by downregulating the expression
levels of TNF-at, IL-1, IL-6, COX2, iNOS, and NF-xB

¢ Up-regulated the expression level of Nrf2

< Inhibited inflammation (downregulated the NF-KB, TNF-ct and IL-1
levels) and enhanced the antioxidant response (increased the Nrf2, HO-1,
GSH, SOD and decreased MDA levels)

© Upregulated the level of Nrf2 by inhibiting oxidative stress via
enhancing antioxidant response

< Enhanced the levels of Nrf2 and T-AOC and combat oxidative stress
By activating Nrf2, resveratrol can inhibit the production of pro-
inflammatory cytokines (e, TNF-a, IL-6) and reduce the expression of
inflammatory mediators like NF-KB.

 Sanguinarine modifies Keapl, leading to the release of NRE2.
 Enhanced the level of Nr2 followed by elevated antioxidant response
< Suppressed TNF-0. and IL-1B expression followed by inhibition of
inflammatory changes in MMECs

 NE-kB, TNF-ot and IL-1§ mRNA expressions were inhibited
< Blood-milk barrier integrity was protected from oxidative stress
damage induced by LPS via activating Nrf2/HO-1 signaling pathway

 Promoted the expressions of AMPK and Nrf2 and ameliorated
oxidative stress

< Inhibited the levels of NLRP3, IL-6, IL-1B, TNF-o, and NF-xB to
relieve inflammatory changes

< Prevented mastitis via activation of AMPK/Nf2/NF-xB

signaling Pathway

< Enhanced antioxidant and anti-inflammatory response via activated
AMPK/ULKI/NI2 signaling pathway
 Protected mammary gland from ox

ive injury and mitigated mastitis

o Activates Nrf2 via alkylation of KEAP1.

 Reduced inflammatory changes by downregulating the levels of TLR4,
NF-kB, TNF-0 and IL-1B.

 Relieved oxidative response and enhance antioxidant response via
regulation of MAPK and Nrf2

© Overall, dimethyl itaconate prevented mastits via activation of
MAPKS/Nrf2 and inhibition of NE-kB signaling pathways

© Decreased the expressions of TLR2, CXCL2, MAPK and NF-xB to
relieve the inflammation

 Regulated the expression of AMPK/NF2 to enhance the antioxidant
response

© Protected mammary tissue from oxidative damage

< Promoted the dissociation of Nif2 from Keapl.

© Upregulated the expressions of SIRT1, GPX4, HO-1 and Nif2 and
downregulated the level of MDA and promoted the antioxidant response
 Suppressed the level of MPO, TNF- and IL- 1B, and NF-kB and
alleviated the inflammation

© Disrupted the interaction between Nrf2 and Keapl. This disruption
leads to the stabilization and nuclear translocation of Nrf2.

< Enhanced the level of SIRT1, Nrf2, HO-1 and GPX4 to promote
antioxidant response

 Suppressed the level of MPO, TNF-ot and IL-1}, and NF-kB and
alleviated the inflammation
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Causative Agent  Therapeutic Agent/dosage/ Target pathway = Outcomes Experimental  References
method of administration model
Lipoteichoic Acid (100 Metformin (1,1-Dimethylbiguanide AMPK/Nt2/NF-xB © Metformin activates the NRE2 pathway by affecting cellular energy status. It does this by BMECs (35)
pg/mL of LTA for 6 hydrochloride, derived from Galega Signaling Pathway inhibiting mitochondrial complex I, which reduces ATP production and increases the AMP/
hours)-induced mastitis  officinalis) 3 mM for 12 hours prior to LTA ATP ratio. This, in turn, activates AMP-activated protein kinase (AMPK), a crucial
exposure/cell culture regulator of cellular energy balance.
© When AMPK is activated by metformin, it can phosphorylate and activate NRF2.
Additionally, metformin has been found to inhibit the activation of NE-kB, mainly through
the activation of AMPK. This inhibition can prevent the phosphorylation and degradation
of IxB by inhibiting IxB kinase
© Collectively metformin significantly downregulated the expression of NF-KB,
cyclooxygenase-2, TL-1B, and IL-6 and upregulated the levels of AMPK, Nrf2 and HO-1 to
enhance antioxidant and anti-inflammatory responses in BMECs
LPS (10 ug/mL)- Chlorogenic acid (Traditional Chinese NE-KB/Nrf2/HO-1 < Prevented the degradation of IxBat to inhibit the activation of NF-xB and promote the ~ BMECs (€]
induced mastitis medicinal herbs such as honeysuckle, signaling pathway degradation of Keapl to facilitate the release of Nrf2
Eucommia ulmoides leaves, and © Suppressed the inflammatory changes by reducing the expressions of NE-B, IL-6, IL-8,
chrysanthemum)/10 pg/mL/cell culture TNF-0 IL-1B, and iNOS
< Enhanced Antioxidant responses by elevation the level of CHOP, Nrf2 and HO-1
LPS (10 pg/mL)- Tanshinone Ila (Diterpene quinone derived | Nrf2/Keapl © The Tanshinone TTa Nr2 signaling pathway potentially leads to the upregulation of BMECs (61
induced mastitis from the roots of Salvia miltiorrhiza) 2.5 WM/ signaling pathway antioxidant enzymes like HO-1, NQOI, and glutathione S-transferase (GST). These enzymes
cell culture play a crucial role in neutralizing ROS and reducing oxidative stress, which is a significant
factor in the development and progression of mastitis
< Furthermore, the activation of Nrf2 by Tanshinone Ila also results in the suppression of
pro-inflammatory cytokines. This occurs because the antioxidant enzymes induced by Nrf2
can decrease oxidative stress levels, consequently reducing the activation of NF-B, which is
2 major transcription factor responsible for the expression of these inflammatory cytokines.
< Prevented mastitis via regulation of Keap1/Nrf2 signaling pathways
LPS (10 pg/mL)- Sodium butyrate (sodium salt of butyric Nif2 signaling pathway ¢ Upregulated the expression of Nrf2, SOD, GSH-Px, CAT, HO-1, and NQO1 suppressed  BMECs (80)
induced mastitis acid)/2 mM/cell culture the level of MDA to promote antioxidant response
 Inflammatory changes were reversed by downregulating the levels of IL-6, TL-B, TNF-a,
NE-xB
% Apoptosis was prevented by inhibiting the levels of caspases and Bax and elevated the
expression of Bel2
By activating Nrf2, Sodium butyrate helps in reducing the production of pro-
inflammatory cytokines like TNF-ot, IL-1B, and IL-6. This effect is partly due to the
crosstalk between Nrf2 and NF-xB pathways, where Nrf2 activation can inhibit NF-xB-
mediated inflammatory signaling
< Sodium butyrate is also a well-known histone deacetylase (HDAC) inhibitor. By
inhibiting HDACs, it can increase the acetylation of histones, which relaxes chromatin
structure and facilittes the transcription of Nrf2 target genes
LPS-induced mastitis  Lentinan (B-1,3-glucan) 20 pg/ml/direct Nif2 pathway < Lentinan blocked the expression of NF-kB and MAPK to relieve inflammatory changes ~ BMECs 81
addition o the cell culture medium < Enhanced Nrf2 and HO-1 level to suppress to oxidative stress and MBECs injury
LPS-induced mastitis  2-methyl nonyl ketone (Derived from TLR4-NF-KB and Nrf2/ ¢ Enhanced the expression of TLR4-NF-kB and suppressed Nrf2/HO-1 level by LPS levels.  BMECs (82)
Houttuynia Cordata Thunb) 25 pg/mL/ HO-1 < 2-Methyl Nonyl Ketone modify Keapl, which can lead to the release of Nrf2
administered directly to cell culture medium  signaling pathway © Nrf2/HO-1 level was improved by 2-methyl nonyl ketone in mammary cells, and
prevented inflammatory changes caused by activated NF-xB and TLR4 to inflammatory
changes in the mammary gland tissue
© Finally prevented cell injury from inflammation and oxidative stress
LPS-induced mastitis ~ Betaine (Trimethylglycine, a product derived | Nrf2/HO-1 < Promoting the dissociation of Nrf2 from Keapl BMECs (83)
from Beta vulgaris)/25 mM/administered signaling pathway o Activated Nrf2 regulates the levels of SOD, GSH-Px, and reduced the levels of MDA, IL-
directly to cell culture medium 1B, TL-6 and TNF to relieve inflammatory changes and oxidative stress in BMECs via
activation Nif2/HO-1 and suppressing signaling pathways
LPS-induced mastitis  Niacin (Vitamin B3/nicotinic acid)/50 mg/kg/ |~ AMPK/Nrf2 < Niacin, particularly through its role in NAD+ synthesis, supports the cellular redox state |~ MMECs (84)
administered intraperitoneally signaling pathway and energy metabolism.
© NAD+ is a cofactor for the activity of sirtuins, which are involved in the deacetylation of
proteins, including those that can influence NRE2 actvity.
< Activate the expression of GPRI09A, which suppress the proinflammatory cytokines
(TNF-0; 1L-6 and IL-1B) and regulated the Nrf2 to enhance the anti-inflammatory and
antioxidant responses to mitigate mastitis
LPS (100 pg/ml)- Curcumin (Diferuloylmethane, a compound  Nif2 signaling pathway | ¢ The electrophilic properties of the o, f-unsaturated carbonyl group in curcumin can BMECs (85)
induced mastitis derived from rhizomes of turmeric)/10 M/ ‘madify cysteine residues in Keap1, leading to the disruption of the Keapl-NRF2 complex.
administration directly into cell culture “This allows NRF2 to accumulate and translocate to the nucleus
© Once activated, NRF2 increases the expression of several genes involved HO-1 and NQO-
1 to improve the antioxidant activity
< Apoptosis was inhibited via upregulation of Bel2 and suppression of Bax
 The inflammatory changes were prevented via downregulation of TNF-a, L8, IL-6 and
1L-1p
 Protected BMEC from oxidative damage
LPS (50 ug/mL of LPS  Ferulic acid (4-hydroxy-3-methoxycinnamic  NE-kB/Nif2 < Antioxidant ability was enhanced through regulation of Nrf2 followed by elevated levels  BMECs (86)
for 12 hours)- acid, plant based) 15 pg/mL/administered signaling pathways of its downstream genes SOD, GPX, COX2 and suppressed the expression of MDA
induced mastitis into cell culture 2 hours before LPS treatment © Reduced the level of Bax and elevated the expression of Bel2
© Anti-inflammatory response was promoted via regulation of NF-kB, TNF-a, IL-6, and
L1
LPS (12 ug/mL of LPS  Menthol (2-Isopropyl-5-methylcyclohexanol, ~ AMPK/ULKI/Ntf-2/ < Suppressed the levels of TNF-0, IL-6, and IL-1f BMECs (87)
for 12 hours)- a compound extracted from the essential oils  autophagy pathway < Promoted the expressions of ULK1, AMPK, and Nrf2
induced mastitis of mint plants)/200 uM/administered into  Restored synthesis of milk fat and milk protein
cell culture
LPS (100 ng/mL of Dandelion (medicinal plant based)/10pg/mL/  Nif2 signaling pathway < Dandelions contains Chicoric Acid and Beta-Carotene, which are known for their strong  BMECs (3)
LPS)-induced mastitis  applied directly to the cultured cells in vitro antioxidant effects. By scavenging free radicals and reducing oxidative stress, these
compounds can help activate NRF2
< Taraxasterol and Luteolin in Dandelions by reducing inflammation, these compounds can
help to modulate NRF2 signaling
< Ameliorated the level ROS production and enhanced Nrf2 expression.
< Protected mammary gland damage from oxidative stress
Streptococcus lutetiensis  N-Acetyl-L-cysteine (NAC)/5 Mm/ Nrf2/Keapl © NAC promotes the activation and nuclear translocation of Nrf2 by modifying cysteine | BMECs (89)
induced oxidative stress | cell culture signaling pathway residues on Keapl, a protein that normally inhibits Nrf2
and autophagy © NAC serves as a precursor to GSH, a critical antioxidant that neutralizes ROS and
reduces oxidative stress. By replenishing GSH levels, NAC helps maintain redox balance in
the mammary gland during mastitis.
© NAC promotes the activation and nuclear translocation of Nrf2 by modifying cysteine
residues on Keapl
© Tts ability to activate Nrf2 indirectly inhibits the NF-xB signaling pathway, reducing the
inflammatory response and preventing excessive tissue damage.
< Enhanced the antioxidant response by elevating the level of Nrf2, HO1, and NQO1, and
reduced ROS production
+d-Glutamyl-meso- Glutamine/0.6 mM for 12/administration NODI/NF-KB and © Downregulated the levels of NF-xB, NODI, IL-6 and TNF-ct by glutamine treatment and | BMECs (90)
diaminopimelic acid directly into cell culture ERK/Nr2 pathways inflammatory changes were relieved
induced oxidative stress < Enhanced the expression of ERK, Nif2, SOD, CAT, NQO1 and HO-1 to improve the
and inflammation antioxidant response
H,0, (100 pp) induced  Quercetin (Plant based polyphenolic MAPK/Ntf2 © Modified cysteine residues on Keapl allow Nrf2 to escape degradation. MMECs o)
oxidative stress. flavonoid, composed of two benzene rings (A Signaling Pathway © Alleviated oxidative stress.
and inflammation and B) connected by a three-carbon chain < Improved mice mammary epithelial cell viability and antioxidant capacity.
that forms a closed pyran ring)/20 up/ © Restored mammary health by enhancing Nrf2, T-AOC, and MAPK expression.
cell culture
H,0, (500 uM)- Taurine/2.0 mM taurine for 12 h/cell culture | Nrf2-MAPK  Upregulated the expression on Nrf2 and inactivated the p38/MAPK pathway PMECs 2)
induced oxidative stress signaling pathway © Relieved the oxidative stress and guard the mammary gland tissue
H202 (100 pM)- Myricetin (3,5,7,3'4"5"-hexahydroxyflavone,  AMPK/Nif2 < Reduced MDA and ROS level BMECs ©3)
induced oxidative stress | a plant-based flavonoid)/5 tM/administration | signaling pathway < Enhanced antioxidant response via the elevated expressions of Nif2, T-AOC, SOD and
and apoptosis directly into cell culture CAT
< Myricetin reduces the production of pro-inflammatory cytokines and also inhibits the
activation of NF-KB
H,0,-induced Baicalin (5,6-Dihydroxy-4-oxoflav-2-en-7-yl  Nif2 signaling pathway ¢ Baicalin can inhibit the Keapl-Nrf2 interaction, leading to stabilization and accumulation |~ BMECs 09
ROS production B-D-glucopyranosiduronic acid, a flavonoid of Nif2 in the cytoplasm.
compound, primarily derived from the roots © Suppressed level of ROS and oxidative stress via activation of Nrf2 signaling pathway
of Scutellaria baicalensis, commonly known  Baicalin, through its action on Nrf2, can modulate the expression of inflammatory
as Baikal skullcap or Chinese skullcap)/ cytokines and other mediators, thereby contributing to a reduction in inflammation
cell culture associated with mastitis
H,0, (500 M)~ Lycopene (Plant based carotenoid) 24 hours | Nrf2/NF-xB  Lycopene causes modifications in Keap1’s cysteine residues and as a result Nrf2 BMECs 95)
induced oxidative for 24 hours/cell culture signaling Pathway translocates to nucleus, and binds to antioxidant response elements (AREs) in the promoter
stress, inflammation regions of target genes.
and apoptosis < Enhanced the antioxidant response through activation of Nif2
 Relieved inflammation via downregulation the levels of NF-kB, TNF-qt, IL-6, and IL-1B
< Prevented apoptosis via upregulation of Bel2 and decreased the expressions of Bax and
caspase-3
©
H,0, (400 uM for 24 Sulforaphane (1-isothiocyanato-4- AMPK/Ni2 < Improved antioxidant response via upregulation of Nrf2, SOD, GSH and AMPK and GMECs 96)
hours)-induced methylsulfinylbutane, medicinal plant based)  Signaling Pathway inhibition of MDA
Oxidative Stress 5 pMicell culturelin vivo  Reduced apoptosis via downregulating Bax and caspase-3, and elevated the level of Bel2
and Apoptosis < Protected mammary epithelial cells from oxidative damage
Deoxynivalenol (025 Pterostilbene (4'-Methoxy-4-hydroxystilbene, | NF-kB/Nrf2/Keapl  Relieved inflammatory changes via downregulation of NF-xB P65, NF-xB P50, MCP-1,  BMECs ©7)
ng/mL)-induced derivative of resveratrol)/2.0504 pg/ml for 9 signaling pathway COX-2, TNF-0, IL-6, and IL-1B.
oxidative stress and hours/cell culture © Enhanced Antioxidant response and inhibited ROS production by elevated levels of Nrf2,
inflammatory response Keapl, T-AOC, SODI, SOD2, and GSH and reduced MDA content
Heat stress induced Methionine/120 mg/L/cell culture Nif2 Signaling Pathway | o Elevated the expression of Nrf2, GSH-Px, SOD, SLC7A11 and FTHI BMECs ©8)
oxidative stress. © Inhibit the level of MDA
and apopt © Met treatment further restored mitochondrial function, iron homeostasis imbalance
caused by heat treatment in BMECs
Heat (42°C)-induced  Procyanidin B2/25 jtM/administration Nif2 signaling pathway | ¢ Procyanidin B2 treatment reversed the inflammatory changes and oxidative damage BMECs ©9)
oxidative stress directly into cell culture caused by heat stress in BMECs via activating Nrf2/HO-1 pathway
in BMECs
Heat stress-induced S-allyl cysteine (a natural organosulfur Nif2/HO-1  Reduced ROS production, caspase-3 and Bax levels BMECs (100)
oxidative damage compound primarily derived from aged garlic | signaling pathway © Enhanced Nrf2, SOD, CAT, GSH-Px, HSP70, HO-1, Bel2 expressions.
(Allium sativum)./15 pg/ml/applied in vitro  Overall enhance antioxidant efficiency and prevent apoptosis via regulation of Nrf2/HO-1
for 2 hours prior to the induction of signaling pathway and prevented cell injury
heat stress.
Heat stress (42°C)~ Betaine (Trimethylglycine, a product derived  Nrf-2/HO-1 < Enhanced antioxidant activity via upregulation of SOD, CAT, HO-1, and Nrf2 and BMECs (o)
induced oxidative stress  from Beta vulgaris)/25 mM/applied directly  signaling pathway decreased MDA contents

and apop

to the cultured cells in vitro

 Increased the expressions HSP70, HSP27 and Bel2 and suppressed the Bax to
relieve apoptosis

CHOP, C/EBP Homologous Protein; MMECs, Mice mammary epithelial cells; BMECs, Bovine mammary epithelial cells; GMECs, goat mammary epithelial cells; TNF-G, necrosis factor-a; interleukin (IL)-1 and IL-6); COX2, eyclooxygenase-2; iNOS, inducible nitric
oxide synthase; NE-KB, nuclear factor Kappa-B; MAPK, mitogen-activated protein kinase: SLC7A11, solute carrier family 7, member 11; FIHI, ferritin heavy chain 1; PMECs, porcine mammary epithelial cells; MPO, myeloperoxidase; NLRP3, Nucleatide-binding
oligomerization domain-like receptor containing pyrin domain 3; ULKI, unc-51 like kinase 1; GSK-3 beta, Glycogen synthase kinase-3 beta; MCP-1, monocyte chemotactic protein 1; NLRP3, NOD-like receptor protein 3.
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Signaling

Mechanism References
pathway

Wild-type p53 uses AICAR to
stimulate AMPK activity to
inhibit key downstream
effectors of mTOR signaling,
such as phosphorylation of
4E-BP1 and RPS6. p53 can
induce secretion of IGF-BP3
and indirectly affect the
autophagic process regulated
by IGF (s).

Promoted mTOR (256, 257)

Wild-type p53 stimulates
Promoted AMPK signaling through AMPK to (258, 259)
the B1/B2 subunit (Sestrinl/2).

DAPK-1 promotes Wild-type
P53 accumulation in an ARF-
Promoted DAPK-1 dependent manner, followed (260, 261)
by stimulation of autophagy
through ARF.

Wild-type p53 activates
Bdl-2 multiple pro-apoptotic protein
Promoted . . production, including Bax as (262, 263)
protein family .
well as the BH3-only proteins

Bad, Bnip3, and Puma.

Wild-type p53 in the nucleus
is able to up-regulate PTEN

through a transcription-

Promoted PI3K (264, 265)

dependent pathway, which in
turn inhibits the
PI3K pathway.

HIF-1 can stabilize p53, which
Promoted HIF-1 in turn promotes the (266, 267)
autophagic process.

In response to DNA damage,
Promoted ULK1 P53 upregulates ULK1 and (268)
ULK2 expression.

Wild-type p53 is involved in
the induction of (Isg20L1 and
Promoted HSF-1 HSF1), which in turn (269)
transactivates autophagy-
related genes (ATG7).

Wild-type p53 promotes
autophagic flux by enhancing
autophagic protein
degradation and
autophagosome clearance by
inducing TGM2

Promoted TGM2 (270)

Wild-type p53 inhibits AMP-
Inhibited mTOR dependent kinases, thereby (271)
activating mTOR

Wild-type p53 induced
TIGAR (TP53-induced
Inhibited TIGAR glycolytic and apoptotic (272)
modulator) regulates glycolysis
and cellular ROS levels

miR-34a Wild-type p53 impacts
i t iptional tion of
Inhibited seljles and rz‘mscnpnona %‘egula ion .o (273, 274)
miR-34a/ microRNAs (miR-34a series
34c-5p and miR-34a/34c-5p, against
ATGYA and
ATG4B, respectively)
Wild-type p53 interacts with
Beclin-1 and subsequently
Inhibited Beclin-1 promotes its ubiquitination (275)
and proteasome-
mediated degradation
Wild-type p53 inhibits
RBICC1 tophagy by interacti ith
Inhibited CC1/ autophagy by interacting wi @76)

FIP200 the human ortholog of yeast
Atgl7, RB1ICC1/FIP200

Wild-type p53 inhibits
autophagy by reducing
. double-stranded RNA
Inhibited PKR accumulation and PKR &=
(protein kinase RNA

activation) activation

AICAR, 5-Aminoimidazole-4-carboxamidel-B-D-ribofuranoside; AMPK, Adenosine 5‘-
monophosphate-activated protein kinas; ARF, Auxin response factor; Bcl-2, B-cell
lymphoma-2; DAPK-1, Death associated protein kinase 1; HIF-1, Hypoxia-inducible factor
1; HSF-1, Heat shock factor 1; IGF-BP3, Insulin-like growth factor binding-protein-3; mTOR,
Mammalian target of rapamycin; PI3K, Phosphoinositide 3-kinase; PKR, Protein kinase R;
PTEN, Phosphatase and tensin homolog; RB1CC1, RBI1-inducible coiled-coil 1; RPS6,
Ribosomal protein S6; TIGAR, TP53 induced glycolysis regulatory phosphatase Gene;
ULK1, Unc-51-like kinase 1; 4E-BP1, Recombinant human eukaryotic translation initiation
factor 4E-binding protein 1.
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NSCLC

Andrographolide

Schizandrin A

Curcumin
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Corynoxine

Morusin

Sophflarine A

DFIQ

Camnosic Acid

Muyin extract

ABTLO8I2

(+)-anthrabenzoxocinone

ASP4132

Baicalein

pegaharoline A

Ailanthone

DSTYK

PRKN

cox2

LTB4, TFEB

TFEB

NE-kB, AP-1

AKT, ERK

FSTLL

NE-xB

FUNDCI
ROS

AMPK, mTOR

PI3K, mTOR

ERK, p38

INK

NADH
Notchl

PI3K/Akt, mTOR, p62
PINKI, DRP-1

AS3T a-synuclein, Q74
huntingtin protein

FA, SREBPF1

CFTR, LC3-11

CFTR
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Sestrin2, PI3K/Akt, mTOR

Janus kinase 2,
transcription 3

PI3K, mTOR, Beclin-1
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PTEN, PI3K/AKT, mTOR
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PINKI, Parkin
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Wat
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TGE-B, PISK/AKT
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PARK2, ROS
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ROCK
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PI3K/Akt, mTOR

AKT
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AKT, mTOR
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P62, AMPK
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ROS, AMPK, mTOR

AKT, mTOR, GSK3B.

JNK, ERK, PI3K/Akt

ROS

ROS, LAMP2

LKBI, AMPK

P53, Bel-2

ATF4-DDIT3-TRIB3

PI3K/AKT, mTOR

AMPK
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Beas2b cells, CS7BL/
6 mice, and human
(GOLD 0-1V)
lung tissues

HBEC

‘Human lung cells,
Bronchial epithelial
BEAS-2B cells

HBE

Beas2b cells and
C57BL/6 mice

HBEC

MH-S cells

Human lung cells,
C57BL/6 mice

Human lung cells,
(C57BL/6 mice

HBEC

HUVEC

16 HBE cells,
C57BLI6 mice

ARPE-19 cells

Beas-2B cells

BEAS-2B cells

HBEC
HUVEC

BEAS-2B cells

BEAS-2B cells

Hela, COS-7 cells

1B3-1 cells

‘Human heparinized
blood samples

HBEC

Human nasal
epithelial cells

R77C fibroblasts

CF mice

Primary human lung
fibroblasts, C57BL/
6 mice

MRC-5 cells

Growth factor-f-
induced lung
fibroblast model

A549 cells, C57BL-
6

C57BL/6 mice

MRC-5 cells

C57BL/6 mice

MLE-12 cells

Human fibroblasts

Human fibroblasts

Mig cells, NIH-
373 cells

BEAS-2B cells

Human lung
tissue samples

Primary human
fibroblasts, MR-
90 cells

Human lung tissue

HELL cells

SD rats

PASMCs

PAH rats

PAH rats

PASMCs

PASMCs

PAH rats

PASMCs

SD rats

SD rats
PASMCs
PASMCs

Human pulmonary
artery smooth
‘muscle cells

SD rats

PTB
Patient Monocytes

THP-1 cells, MDM
ATCC, CRL-3213

Whole blood of PTB
patients, C57/
BL6 mice

Balb/c mice

THP-1
‘human monocytes

A549 cells,
HI1299 cells

H1975cells,
H1299cells,
H1650cells,
Ha60cells, BEAS-
2B cells

A549, H1299,
H1975, BEAS-
2B cells

A549 cells,
H1299 cel

A549cells, H1299
cells, H1975 cells

A549 cells

A549 cells,
H1299 cells

CCC-HEH-2

AS49 cells,
Hi57cells,
HI1299cells, H460
cells, LLC

HI1650 cells, A549
cells, BEAS-2B cells

A549 cells

BEAS-2B cells,
H1975 cells,
H1650 cells

A549 cells,
HI1975 cells

A549 cells,
NCI-H292

A549cells, H820 cells

H1299cells,
A549cells, H460 cells

H1299 cells,
H460 cells

A549 cells, NCI-
H460 cells

4549 cells, MRCS

A549 cells, NCI-
H1299, NCI-H226

A549cells and
NCI-H1944

H1299 cells,
A549 cells

A549 cells, PCO

H1975, A549, HCT-
8, MDA-MB-231,
BEAS-2B, 293T cells

H2009 cells,
H226 cells

Cysteamine-induced autophagy can reduce aggregate formation, CS-induced alveolar senescence/death,
and emphysema progression.

PRKN levels attenuate COPD progression by modulating PINK1-PRKN-mediated mitophagy.

H2S inhibits the iron autophagy pathway mediated by NCOA4 and inhibits the ferritin response
‘mediated by lipid peroxidation by activating Nrf2 and PPAR-y signaling pathways.

Inhibition of the LTB4/BLT1 pathway by U75302 promotes autolysosome formation and degradation
in response to CS exposure.

Gemifibrozil/laccein can control CS-induced airway inflammation and autophagi
regulating TFEB.

njury by up-

Ghrelin inhibits excessive inflammatory pathways and autophagy induced by particulate matter and/or

cigarette extracts in bronchial epithelial cells.

Klotho inhibits CSE-induced autophagy by down-regulating IGF-IR, Akt and ERK phosphorylation in
alveolar macrophages.

FSTLI can activate PI3K/AKt signaling pathway and AMPK signaling pathway to regulate autophagy.

HMGB1 abrogates migration and NF-KB activation in CSE-treated lung macrophages by
inhibiting autophagy.

Puerarin inhibits FUNDCI-mediated mitochondrial autophagy and CSE-induced apoptosis of human
bronchial epithelial cells by activating the PI3K/AKT/mTOR signaling pathway.

MitoQ maintains mitochondrial function by reducing ROS production and excessive autophagy.
Vardenafil activates autophagy via the AMPK/mTOR signalling pathway

Sodium tanshinone I1A sulfonate can increase PI3K and mTOR transcription, activate the PISK/AKT/
mTOR pathway, and reduce autophagy.

Silymarin can attenuate inflammatory responses by intervening in crosstalk between autophagy and
the ERK MAPK pathway

Tiotropium/olodaterol protects bronchial epithelial cells from CSE-induced injury by inhibiting
activation of autophagy and upregulation of INK phosphorylation.

Taurine triggers autophagy in C/EBPa/mitochondria/ ATG7 pathway.

RESV protects against CSE-induced apoptosis by regulating Notch1-mediated autophagy priming.
EETs inhibit autophagy via PI3K/Aky/mTOR signaling

QUE inhibits CSE-induced mitochondrial dysfunction and mitophagy by inhibiting phosphorylated
(p) -DRP-1 and PINKI expression.

Agithromycin blocks autophagic clearance and autophagosome acidification,

Myriocin attenuates inflammation and activates TFEB-induced stress responses, enhances fatty acid
oxidation and promotes autophagy.

AR-13 treatment increases CFTR and LC3-11 expression in epithelial cells.

It enhances correction of misfolded F508del cystic ibrosis transmembrane conductance regulator
(CFTR) by activating autophagy.

cysteamine plus epigallocatechin gallate rescues CFTR function when autophagy is active and improves
CFTR function by expressing proteins that are rescuable

Givinostat synergistcally improves trafficking efficiency by inducing the F508del CFTR mutant,

Cysteamine can rescue the function of the F508del-CFTR mutant, thereby restoring bacterial
intemalization and clearance through processes involving upregulation of the pro-autophagic protein
Beclin 1 and reconstitution of the autophagic pathway.

Spermidine modulated autophagy by activating the expression of key autophagic molecules such as
L3I, beclin-1, and ATG7 as well as inhibiting mTOR, a downstream mediator of PI3K/
AKT signaling.

Eupatilin ameliorates lung fibrosis by activating the Sestrin2/PI3K/Ak/mTOR-dependent
autophagy pathway.

Fu-zheng-Tong-luo formula promotes autophagy by controlling Janus kinase 2/signal transducer and
activator of transcription 3 pathway.

NEN inhibits PI3K-mTORCI downstream signaling and Beclin-1 independent autophagy, contributing
to inhibition of TGF-B1-induced EMT and collagen deposition in epithelial cells and primary
human fibroblasts

FGF21 ameliorates IPF by inhibiting PI3K-AKT-mTOR signaling pathway and activating autophagy
Astragaloside IV activates autophagy by miR-21-mediated PTEN/PISK/AKT/mTOR pathway

Supramolecular Nanofibers interfere with aberrant TRB3/p62 PP to restore autophagy.

Naringin represses expression of ERS and mitophagy-related genes as well as ERS downstream
proteins, thereby activating transcription factor (ATF) 3 and repressing PTEN-induced transcript
kinase 1 (PINKI).

n of

Tetrandrine alleviates IPF by inhibiting alveolar epithelial cell senescence through PINK1/Parkin-
‘mediated mitophagy.

It inhibits collagen deposition and myofibroblast activation by inhibiting the TGF-B1/Smad pathway,
and induces autophagy through the TGE-B1/mTOR path:

Bergeni

inhibits myofibroblast activation and promotes autophagy and apoptosis

myofibroblasts.

Ellagic acid inhibits fibroblast activation and induces autophagy and apoptosis in myofibroblasts
mainly by regulating the Wnt pathway.

Astragalutin inhibits autophagosome formation in oxidant-exposed airway epithelial cells by reducing
beclin-1 and LC3A/B induction.

Tubastatin ameliorates lung fibrosis by targeting TGFB-PI3K-AKt pathway via an HDACS-
independent mechanism.

Nintedanib inhibits TGF-p signaling, downregulates ECM gene/protein expression, and promotes non-
canonical autophagy.

Pirfenidone induces autophagy/mitophagy activation by enhancing PARK2 expression.

DHA treatment resulted in Fe2 + deficiency which then triggered ferritin autophagy D in activated
HFLL cells to inhibit fibroblast differentiation into myofibroblasts.

ROC-325 exerts vasodilation and antagonizes pulmonary vascular remodeling by inhibiting autophagy,
degrading HIF, and activating eNOS-NO signaling,

Piperlongumine may be effective in inhibiting the proliferation of PASMCs by regulating autophagy,
reducing pulmonary artery systolic pressure and right ventricular hypertrophy, and improving
pulmonary vascular remodeling.

RCE administration reversed high levels of decadienoyl-L-carnitine by modulating the metabolic
enzyme CPT1A in mRNA and protein levels in serum and lung in PAH rats.

Metformin inhibited hypoxia-induced pulmonary vascular remodeling, collagen deposition, pulmonary
artery smooth muscle cell proliferation, increased BECN-1 and LC3B-11/- ratios, and down-regulation
of p62 by inhibiting autophagy through activation of the AMPK signaling pathway.

Umbellferone could ameliorate hypoxia-induced pulmonary hypertension by
signaling pathway and autophagy.

nhibiting RhoA/ROCK

Liraglutide can reduce the proliferation of PASMCs by inhibiting cellular Drp1/nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX) pathway and Atg-5/Atg-7/Beclin-1/LC3B-dependent
pathway of autophagy in PAH.

Docetaxel decreased autophagy as monitored by LC3B-1I and p62 expression.

Puerarin reverses pulmonary vascular remodeling induced by hyposia in an autophagy-
dependent manner

Chloroquine prevents the progression of experimental pulmonary hypertension by inhibiting
autophagy and lysosomal bone morphogenetic protein type Il receptor degradation.

TPSIINPL specifically drives autophagy to cell death by interacting with LC3B-1I in response
to Carfilzomib,

Quercetin enhanced hypoxia-induced autophagy via the FOXO1-SENS3-mTOR pathway.

Exogenous apelin inhibits autophagy and reduces cell proliferation by activating the AP receptor-
dependent PI3K/Akt/mTOR signaling pathway.

Trifluoperazine reduces activation of the multitasking kinase AKT, resulting in nuclear translocation
and slowed proliferation of FOXO3.

Tloprost significantly induced metalloproteinase-9 gene expression and activity and increased
expression of autophagy genes associated with collagen degradation.

Vitamin D enhances innate immune function, promotes the expression of autophagy-related genes,
and may help to control the intracellular growth of Mycobacterium bovis in macrophages.

Nordihydroguaiaretic acid enhances the immune response by promoting autophagy.

MIR144* inhibits the antimicrobial response against Mycobacterium tuberculosis in human monocytes
and macrophages by targeting the autophagy protein DRAM?.

BTLA promotes host defense against Mycobacterium by enhancing autophagy.
The effect of loperamide on human AM bactericidal activity is associated with degradative autophagy,

including ectopic expression and degradation of endogenous p62.

Curcumin enhances control of Mycobacterium tuberculosis-infected human macrophages by
inducing autophagy.

Apatinib induces autophagy and apoptosis in NSCLC by modulating ROS/Nrf2/p62 signaling,

Andrographolide regulates P62-dependent selective autophagic degradation of PD-LI by inhibiting
STAT3 phosphorylation.

SchA can induce autophagy by activating the AMPK signal, the autophagy process induced by SchA
remains incomplete and fails to promote cell survival.

Curcumin induces iron death by activating autophagy in NSCLC,

RocA promotes NK cell infiltration by targeting ULKI to inhibit autophagy.

Tryptanthrin increases autophagy triggered by the transition from LC3-1 to LC3-11 to inhibit
proliferation and induce apoptosis in non-small cell lung cancer (NSCLC) cells.

PPVI-induced caspase-1-mediated pyroptosis in NSCLC by inducing ROS/NF-xB/NLRP3/GSDMD
signaling axis

Crizotinib-impaired autophagic process leads to cardiomyocyte death and cardiac injury through
inhibition of MET protein degradation, and a novel function of blocking autophagosome-lysosome
fusion is demonstrated in drug-induced cardiotoxicity.

TBM-1 selectively binds to the mammalian target of rapamycin (mTOR) kinase and suppresses the
activation of mTORCI, leading to the nuclear translocation of TFEB and lysosome biogenesis.

Rgs induces autophagy and caspase-dependent apoptosis in NSCLC cels by inhibiting the PI3K/Akt/
mTOR signaling pathway.

RSV antagonizes NGER knockdown-induced enhanced autophagy and apoptosis via AMPK,
mTOR pathway.

PAB induces apoptosis and autophagic cell death in NSCLC cells via the ROS-triggered AMPK/mTOR
signaling pathway.

Corynoxine triggers cell death by activating PP2A and inhibiting the AKT-mTOR/GSK3p axis.

Morusin induces apoptosis and autophagy through JNK, ERK and PI3K/Akt signaling in human lung
cancer cells.

Sophflarine A mediates pyroptosis and autophagy

regulating ROS.

DFIQ induces ROS production through autophagy activation and LAMP2 depletion.

CA can induce apoptosis through a mechanism involving sestrin-2/LKB1/AMPK signaling and
autophagy induction.

Muyin extract induces apoptosis and autophagy by blocking the Ak/mTOR pathway to
enhance immunity.

ABTLO812 inhibits the AKT-mTORCI axis via upregulation of TRIB3 in cancer cells and
tumor models.

The PISK/AKT/mTOR signaling pathway i targeted and suppressed by (+)-ABX, resulting in the
induction of $ and G2/M phase arrest, apoptosis, and autophagy in NSCLC cells.

ASP4132 acts through AMPK activation, mTORCI inhibition and EGFR-PDGFRa: degradation, as
well as Akt inhibition and autophagy induction.

Baicalein regulates autophagy in NSCLC via the MAPAK3/mTORCI/TFEB axis.

PA can inhibit NSCLC cell growth by blocking PI3K/AKT/mTOR and EMT pathways.

Ailanthone inhibits ULK1-mediated autophagy and subsequently inhibits NSCLC cells

DSTYK inhibits mTORC1, which promotes autophagy, and its defects result in disruption of
autophagy, leading to progressive accumulation of autophagosomes.
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Primer

Forward

Reverse

Olfr2 CTTGCTGGCTTCATTGGTTCCG CCATGACAGCAAGAAGGACACAC
Adcy3 CCAACTTTGCTGACTTCTACAC TGTCCAGGAGAGAGTCAAAATC
NEK7 GCTGTCTGCTATATGAGATGGC CCGAATAGTGATCTGACGGGAG
NLRP3 ATTACCCGCCCGAGAAAGG TCGCAGCAAAGATCCACACAG
| ASC GCTACTATCTGGAGTCGTATGGC GACCCTGGCAATGAGTGCTT
Caspase-1 CACAGCTCTGGAGATGGTGA GGTCCCACATATTCCCTCCT
GSDMD CCATCGGCCTTTGAGAAAGTG ACACATGAATAACGGGGTTTCC
1L-1B TTCAGGCAGGCAGTATCACTC GAAGGTCCACGGGAAAGACAC
IL-18 GACTCTTGCGTCAACTTCAAGG CAGGCTGTCTTTTGTCAACGA
Arg-1 CTCCAAGCCAAAGTCCTTAGAG AGGAGCTGTCATTAGGGACATC
iNOS CCCTTCAATGGTTGGTACATGG ACATTGATCTCCGTGACAGCC
TNEF-0. CAGGCGGTGCCTATGTCTC CGATCACCCCGAAGTTCAGTAG
GAPDH GAGCAAGGACACTGAGCAAGA GCCCCTCCTGTTATTATGGGG
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Forward sequence

(5 to 3')

Reverse sequence
(5 to 3')

B-Actin CATCCGTAAAGACCTCTA ATGGAGCCACCGATCCACA
GCCAAC

IL-1B TCCAGGATGAGGACATGA GAACGTCACACACCAGCAG
GCAC GTTA

IL-18 TGGCTGCCATGTCAGAA CCAGGTCTCCATTTTCTTC
GACT AGGT

CTSB CTTCCCATGTCGGCAAT GTGTAGTTGAGACCGGT
CAG GGA

NLRP3 CCTGACCCAAACCCACC TTCTTTCGGATGAGGCTGC
AGT TTA

ASC AGAGACATGGGCTTACAG CCACAAAGTGTCCTGTTCT
GAGC GGC

Caspase- TGCCGTGGAGAGAAACAA TGGTGTTGAAGAGCAGAAA

1 GGA GCA

TNF-ou ACTCCAGGCGGTGCCTA GTGAGGGTCTGGGCCATA
TGT GAA

TGF-B CTTCAGCCTCCACAGAGAA | TGTGTCCAGGCTCCAAAT
GAACT ATAG
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