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Editorial on the Research Topic 
Inflammation and lipid signaling in disease pathogenesis


INTRODUCTION
Inflammation is a highly coordinated biological response involving a network of immune and inflammatory cells, platelets, stromal and vascular components, and various molecular mediators (Ricciotti and FitzGerald, 2011; Patrignani and Patrono, 2015; Schebb et al., 2022; Yang et al., 2025). This complex process is essential for eliminating harmful stimuli, clearing damaged cells, and facilitating tissue repair. Although inflammation is crucial for host defense reactions, it can become maladaptive if it persists in chronic form or is excessively triggered, leading to pathophysiological states associated with various diseases, including malignancies, asthma, and cardiovascular conditions such as atherosclerosis and heart failure. Understanding the molecular and cellular pathways regulating inflammation is essential for developing targeted therapeutic strategies. In this Research Topic, studies have investigated novel mechanisms associated with inflammation, offering new insights into the intricate cellular dynamics involved. Furthermore, this Research Topic of studies addresses cutting-edge pharmacological approaches, highlighting promising therapeutic avenues to improve treatment efficacy.
Zhang et al. have investigated the role of interleukin-6 (IL-6) in the JAK2-STAT1/3 pathway during gout inflammation in patients with acute-phase gout (AG), intermittent gout (IG), and healthy controls. It was found that gout patients had lower mRNA levels of IL6, JAK2, and STAT1/3 than controls, indicating a negative feedback mechanism. In the AG group, IL-1β and IL6, JAK2 and STAT1/3 proteins increased significantly, while the IG group had elevated IL-1β but lower phosphorylated proteins. Higher IL-6 levels in AG may enhance JAK2 activation and inflammation. The study highlights the role of the IL-6/JAK2/STAT1/3 pathway in acute gout inflammation.
5-Lipoxygenase (5-LO), encoded by ALOX5, is involved in leukotriene biosynthesis, playing a key role in inflammatory diseases and linked to certain tumors. Hyprath et al. have investigated how the leukemogenic fusion protein MLL-AF4 upregulates ALOX5 gene expression. It was demonstrated that MLL-AF4 and MLL-AF9 strongly activate the ALOX5 promoter in B-lymphocytic cells, with MLL-AF4 effects mediated by the tandem GC box. Additionally, it was identified that several AF4 domains bind the super elongation complex and are essential for inducing ALOX5 promoter activity.
Wickert et al. have discussed how ferroptosis influences inflammatory pathways and the effect of iron metabolism on immune cell ferroptosis during inflammation. Ferroptosis is an iron-dependent form of cell death characterized by lipid peroxidation and membrane damage. Interest in this process has grown significantly over the past decade, highlighting various regulatory components. Pathways such as NF-κB and HIFs influence ferroptosis and iron metabolism, while inflammation alters iron regulatory systems, leading immune cells like macrophages and neutrophils to adopt iron-sequestering phenotypes.
Contursi et al. have reviewed the link between inflammation, platelets, and tumor progression, highlighting the potential to develop cancer prevention strategies. Platelets create an inflammatory microenvironment that supports tumor growth and metastasis. The use of antiplatelet agents, particularly low-dose aspirin, can reduce cancer risk, especially for colorectal cancer. Further research is needed on the anti-cancer effects of other antiplatelet drugs, including ADP P2Y12 receptor antagonists and new agents that are in clinical development, to find treatments with minimal effects on hemostasis.
Tao et al. have reviewed the multiple functions of apolipoprotein A-I (ApoA-I), a high-density lipoprotein (HDL) component. ApoA-I has a cholesterol reversal transport function and exerts anti-inflammatory effects mainly by regulating the functions of immune cells such as monocytes/macrophages, dendritic cells, neutrophils, and T lymphocytes. It also modulates the function of vascular endothelial cells and adipocytes. Additionally, ApoA-I directly exerts anti-inflammatory effects against pathogenic microorganisms or their products.
Wu et al. have examined the immunostimulatory effects of flavonoids from Epimedium, particularly icaritin and icariins I and II, both in vitro and in vivo. Key findings indicate that these flavonoids enhance the expression of co-stimulatory molecules (CD40, CD80, CD86) and MHC-I/II in dendritic cells, increasing the production of chemokines and pro-inflammatory cytokines. In vivo, they function as vaccine adjuvants, elevating serum levels of OVA-specific IgG. Icaritin and icariins I and II emerge as promising TLR7/8 immunomodulators with lower toxicity and higher bioavailability, potentially benefiting anticancer applications by inhibiting tumors and improving the tumor microenvironment.
Osteoarthritis (OA) is a common degenerative joint disease, and there are currently no approved treatments for modifying its progression.
Qian et al. have investigated the effects of AFK-PD, a novel pyridone agent, on OA induced by medial meniscus destabilization (DMM) in vivo and on chondrocytes treated with IL-1β in vitro. Results showed that AFK-PD reduced OA progression by inhibiting cartilage degeneration, inflammation, and osteophyte formation. It also decreased chondrocyte inflammation and macrophage M1 polarization, promoting chondrocyte anabolism and reducing catabolism and apoptosis. Mechanistically, AFK-PD suppressed key signaling molecules in the MAPK and NF-κB pathways. These findings suggest that AFK-PD could be a promising therapeutic candidate for OA treatment.
Stigmasterol, a natural plant sterol found in various herbs and vegetables with anti-inflammatory, antioxidant, and cholesterol-lowering effects, has been explored for its therapeutic potential in Acute Pancreatitis (AP) by Zhao et al. The authors utilized network pharmacology and experimental verification in a sodium taurocholate-induced AP mouse model. Analysis of protein-protein interactions revealed MAPK3 (ERK1) as a crucial target for the effects of stigmasterol in AP. Molecular docking indicated a strong binding affinity of stigmasterol for ERK1. Both in vivo and in vitro experiments demonstrated that stigmasterol treatment mitigated pancreatic injury, reduced lipase and amylase serum levels, improved inflammatory responses, and lessened acinar cell necrosis. Mechanistically, stigmasterol inhibited the activation of the ERK signaling pathway, facilitating a transition from necrosis to apoptosis in pancreatic acinar cells, thus averting inflammation.
Ammazzalorso et al. using an in silico approach, identified a novel chemical scaffold that is highly selective and potent in inhibiting cyclooxygenase(COX)-2 activity in inflammatory and cancer cells. AA520 is a unique molecule with dual inhibitory effects on COX-2 and PPARα at the same concentration range. Considering the synergistic impact between PPARα and COX-2 inhibitors in limiting tumorigenesis, developing molecules with these dual pharmacological targets is of clinical relevance.
Gastric contents aspiration is one of the most common causes of acute lung injury (ALI) and acute respiratory distress syndrome (ARDS), conditions associated with significant morbidity and mortality. In an HCl-induced ALI/ARDS mouse model, Dong et al. have evaluated polyvinylalcohol-carbazate (PVAC), a polymer that binds aldehydes, reducing oxidative stress and inflammation. PVAC treatment improved airway hyperresponsiveness, reduced pulmonary edema, and decreased lung damage while lowering neutrophil recruitment and inhibiting IL-6, TNF-α, and leukotriene B4 levels. These findings indicate PVAC could serve as a potential treatment for ALI/ARDS due to gastric acid aspiration and help manage asthma-like symptoms in gastroesophageal reflux patients.
Messler et al. have focused on elucidating the potential role of docosahexaenoic acid (DHA), a polyunsaturated fatty acid, in conjunction with acetylsalicylic acid (ASA) in angiogenesis, utilizing both in vitro and in vivo experimental models. The findings from these studies indicate that ASA may facilitate the formation of specific monohydroxylated metabolites of DHA, which appear to exert a significant influence over angiogenic processes.
Kiprina et al. investigated the effects of exogenous anandamide (AEA) in a mouse AirPouch model of acute inflammation through analysis of immune cell infiltrates. The study found that AEA limits the infiltration of myeloid cells but increases the presence of T cells at the site of inflammation. This action is mediated by the NR4A transcription factor instead of CB receptors. AEA effectively inhibits TH17 responses without hindering TH1 differentiation, indicating its potential for managing chronic inflammation while preserving vital immune functions.
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Apolipoprotein A-I(ApoA-I) is a member of blood apolipoproteins, it is the main component of High density lipoprotein(HDL). ApoA-I undergoes a series of complex processes from its generation to its composition as spherical HDL. It not only has a cholesterol reversal transport function, but also has a function in modulating the inflammatory response. ApoA-I exerts its anti-inflammatory effects mainly by regulating the functions of immune cells, such as monocytes/macrophages, dendritic cells, neutrophils, and T lymphocytes. It also modulates the function of vascular endothelial cells and adipocytes. Additionally, ApoA-I directly exerts anti-inflammatory effects against pathogenic microorganisms or their products. Intensive research on ApoA-I will hopefully lead to better diagnosis and treatment of inflammatory diseases.
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1 Introduction

ApoA-I is a member of blood apolipoproteins, which constitutes a major component of HDL (1). In addition to participating in cholesterol reversal, ApoA-I also has powerful anti-inflammatory functions (2). It is considered an anti-inflammatory protein, with levels reduced by at least 25% during acute inflammation (3). ApoA-I attenuates the inflammatory response through inhibit the production of TNF-a and IL-1 in rheumatoid arthritis, Crohn’s disease and other immune diseases (4). A negative correlation between ApoA-I levels and the severity of pancreatitis has also been found in pancreatitis (5–7). Furthermore, our previous study revealed a negative correlation between ApoA-I levels and disease severity in hypertriglyceridemic pancreatitis (8). In cases of sepsis, there is a negative correlation between ApoA-I and the severity of the condition (9). Additionally, the administration of ApoA-I mimetic peptide has been shown to improve survival rates in septic rats (10). The anti-inflammatory function of ApoA-I also plays an important role in the inhibition of atherosclerosis and anti-tumor growth (11). A negative correlation between reduced ApoA-I and disease severity was also found in COVID-19 infections (12, 13). However, the exact anti-inflammatory mechanism of ApoA-I is not well understood. In this article, we review the production, assembly and possible anti-inflammatory mechanism of ApoA-I.




2 Production and assembly

The human ApoA-I gene is located in the 11q23 region of human chromosome 11,and is thought to be of the same genetic origin as Apolipoprotein A-II, Apolipoprotein A-IV, Apolipoprotein C-I, Apolipoprotein C-III, and Apolipoprotein E (14). The liver and intestine are the main sites of ApoA-I production in human tissues, but small amounts of ApoA-mRNA expression have been demonstrated in other organs, such as the pancreas and heart (15). The regulation of human ApoA-I gene expression is very complex and is controlled at multiple levels. Hepatocyte Nuclear Factor 4, Liver Receptor Homologue 1 and ApoA-I Regulatory Protein 1 are thought to be the major regulators of ApoA-1 initiation and repression (16). Translated ApoA-I is pruned intracellularly and then secreted as a lipid-poor protein or lipid-free protein (Figure 1). ApoA-I gene mutations have been demonstrated to be associated with the development of numerous diseases, including those observed in diabetic patients. In particular, polymorphisms at the -75 bp locus of the ApoA-I gene have been linked to an increased risk of myocardial infarction in these patients (17). Individuals with the CC genotype of SNP rs5069 are more susceptible to oxidative imbalance and are at a higher risk of developing pancreatitis (18).




Figure 1 | Generation and assembly. The ApoA-I gene located in the liver and small intestine secretes lipid-free ApoA-I under the regulation of HNF4, LRH1, and ARP1. Lipid-free ApoA-I binds to phosphatidylinositol to form Initially lipidated ApoA-I. Initially lipidated ApoA- I forms discoidal HDL in the presence of EPC and DMPC, and discoidal HDL forms globular HDL in the presence of LCAT. When globular HDL is reconstituted, lipid-free ApoA-I is formed. Most of the lipidated ApoA-I is metabolized in the liver, and the lipid-free ApoA-I is eliminated by the kidneys. HNF4, Hepatocyte Nuclear Factor4; ARP1, ApoA-I Regulatory Protein 1; LRH1, Liver Receptor Homologue 1; ABCA1, ATP-binding Cassette transport A1; DMPc, Dimyristoyl Phosphatidylcholine; EPC, egg phosphatidylcholine; LCAT, lecithin-cholesterol acyltransferase.



The primary structure of ApoA-I consists of 4 Tryptophan (Trp), 21 Lysine (Lys), 5Histidine (His), 16 Arginase (Arg), 16 Aspartic acid (Asp), 10 Threonine (Thr), 15 Serine (Ser), 27 Glutamic acid (Glu), 10 Proline(Pro), 10 Glycine (Gly), 19 Alanine (Ala), 13 Valine (Val), 3 Methionine (Met), 37 Leucine (Leu), 7 Tyrosine (Tyr), and 6 Phenylalanine (Phe), a total of 243 amino acid residues to form a single-chain peptide, which molecular weight is 28 KDa (19). This single-chain polypeptide may contain a plurality of 11 and 22 repeating amino acid residues, and these residues are typically separated by Pro residues. Among them, the 22 repeating amino acid residues can form the α-helix of ApoA-I, and the secondary structure of each ApoA-I contains about 8-9 tandem alpha helices (20). These α-helix play an important role in the biological function of ApoA-I (21–23). ApoA-I binds to the first extracellular domains(ECD1) of ATP-binding Cassette transport A1 (ABCA1), resulting in the transfer of cholesterol and cytosolic phospholipids from the cell membrane to ApoA-I, which then forms an initially lipidated ApoA-I (24). Initially lipidated ApoA-I can continue to form discoidal HDL in the presence of Dimyristoyl Phosphatidylcholine and egg phosphatidylcholine or palmitoyloleyl phosphatidylcholine (25). Studies of discoidal HDL mainly come from vitro models, as it is short-lived and difficult to isolate in plasma (26). Initially, it was believed that the binding of the α-helix to phospholipids in discoidal HDL was in the form of a spiked hedge fence. The α-helix consists of 22 repeating amino acids centered on a repeating proline residue crossing the edges of a bilayer parallel to the acyl chain (27). However, with research progressed, the ‘two-band’ model of discoidal HDL was considered the best possible model of α-helix binding to phospholipids. In this model, two cyclic ApoA-I molecules wrap a phospholipid bilayer in an antiparallel orientation. Discoidal HDL convers to spherical HDL by lecithin-cholesterol acyltransferase (LCAT) (28) (Figure 1). The globular HDLsubpopulation can be classified according to size and density into five major subpopulations: HDL3c, HDL3b, HDL3a, HDL2a, and HDL2b. Each subpopulation is distinguished by its unique molecular composition and biological function (29). ApoA-I is floating in the phospholipid molecules and serves to regulate HDL diameter in globular HDL (30).

ApoA-I constitutes the primary constituent of HDL, representing approximately 70%,ApoA-II accounts for 15-20%, while the remaining proteins are amphiphilic (1). ApoA-I not only determines the size and shape of HDL but is also a functional protein, such as determining the composition of HDL soluble lipids, transporting cholesterol from peripheral cells, activating LCAT activity to convert circulating cholesterol to cholesteryl esters, and delivering cholesteryl esters to the liver or to steroidogenic tissues via cell surface receptors (2). Most of ApoA-I is found in the blood associated with lipoproteins, with only about 5-10% present in a non-lipoprotein-associated state. This non-lipidated ApoA-I can be obtained from HDL remodeling or triglyceride-rich lipoproteins, or secreted directly by the liver or intestines (31). ApoA-I in plasma is about 100-150 mg/dl,and its half-life is about 4 days (32, 33). Most lipidated ApoA-I is metabolized in the liver (34), Non-lipidated ApoA-I can pass through glomerular filtration and be degraded, excreted in urine, or partially reabsorbed (35) (Figure 1).




3 Possible anti-inflammatory mechanism of ApoA-I



3.1 Regulation of immune cells

The inflammatory response is primarily determined on the function and activity of immune cells (36). Monocytes are an important component of the defense system of body, which play a crucial role in the immune system, and can induce a specific immune response in lymphocytes through antigen presentation (37). Macrophages are terminally differentiated monocyte, which have a variety of biological functions in the inflammatory response, including phagocytosis of microorganisms, mediation and promotion of the inflammatory response, antigen processing and presentation, modulation of the immune response, direct killing of target cells, adjuvant or inhibitory production of antibodies by B-lymphocytes, and production of cytokines (38). Immature dendritic cells have a strong migratory ability, and mature dendritic cells can effectively activate the initial T-cells to initiate the immune response (39). In the inflammatory response, neutrophils have multiple biological functions, such as chemotaxis, phagocytosis, apoptosis, degranulation, activation, production of reactive oxygen species and extra-neutral trapping networks (40). T cells play a key role in regulating the immune response, and which have responsible for mediating of the immune effector mechanisms (41).

ApoA-I exerts a modulatory effect on the immune functions of monocytes, macrophages, dendritic cells, neutrophils, and T lymphocytes. It also suppresses inflammatory responses through multiple pathways (42, 43). First, ApoA-I can exert anti-inflammatory effects by regulating the production of immune cells. In a mouse model of acute myocardial infarction, ApoA-I has been observed to inhibit the expansion of monocytes and macrophages in the blood, spleen, and myocardium of mice (44). Upon leaving the bloodstream and entering tissues, monocytes can differentiate into Dendritic Cells(DCs),ApoA-I upregulates Prostaglandin E2 (PGE2) and Interleukin-10 (IL-10) in monocytes, and inhibits their differentiation to dendritic cells (45). In neutrophil generation, ApoA-I can reduce neutrophil production by decreasing the production of granulocyte colony stimulating factor (G-CSF) (46). Furthermore, ApoA-I has been demonstrated to reduce neutrophil counts in patients with acute myocardial infarction, resulting in less myocardial inflammatory injury (47). ApoA-I also has an effect on lymphocyte production, it deficiency leads to increase of CD45RA+, CD16+, and CD56+ lymphocytes in the blood (48). Transplantation of bone marrow from ApoA-I knockout mice into LDL receptor knockout mice resulted in a significant increase in lymphocytes (49). Second, ApoA-I can exert anti-inflammatory effects by regulating the expression and production of related factors of immune cells. The expression and production of related factors of immune cells are closely related to anti-inflammatory functions, such as spreading, recognition and chemotaxis. ApoA-I can directly inhibit the spreading and antigen-presenting ability of monocytes by down-regulating the expression of monocyte CDC42, CD11c, CD86, CD14, and HLA-DR (50, 51). Expression of vascular cell adhesion molecule-1 (VCAM-1), monocyte chemotactic protein 1 (MCP-1), and macrophage inflammatory protein 1 (MIP-1) was also inhibited by ApoA-I, which also significantly reduced the release of sL-selectin and soluble Inter-cellular Adhesion molecule 1(sICAM-1), and decreased monocyte chemotaxis, adhesion and activation function (52, 53). ApoA-I inhibits the synthesis of IL-8 by activated neutrophils, limiting their chemotaxis to local sites of inflammation (53). It was also found that ApoA-I reduces the expression of CD11b in neutrophils, leading to the decreased of adhesion, migration and spreading capacity of neutrophils (54). In polymorphonuclear leukocytes, ApoA-I was also found to have the ability to inhibit the expression of CD11/CD18, resulting in the decreased of adhesion of polymorphonuclear leukocyte(PMN) (55). Third, ApoA-I can exert anti-inflammatory effects by regulating the interaction of immune cells. In the inflammatory response, immune cells can coordinate and influence each other. As previously discussed, ApoA-I can affect the differentiation between monocytes and dendritic cells. ApoA-I also inhibits T-cell proliferation via DCs, and inhibits the reciprocal response between DCs and NK cells, resulting in decreased of IFN-γ and IL-12p70 (56). Fourth, It can exert anti-inflammatory effects by altering the expression of ApoA-I in immune cells. It has been found that ApoA-I is also expressed in macrophages, and the effect of its expression also affects macrophage function (57, 58). In monocytes, the expression of CD11b, CD11c, and CD29 was negatively correlated with ApoA-I levels in all monocyte subpopulations, and ApoA-I levels directly affected the anti-inflammatory activity of monocytes (59) (Figure 2).




Figure 2 | anti-inflammatory mechanism. In addition to its anti-inflammatory effects mainly through the regulation of immune cells,ApoA-I also exerts anti-inflammatory effects through the regulation of vascular endothelial cells (blue dashed area), the action on microorganisms and their products (red dashed area), and the regulation of adipocytes (yellow dashed area). In the regulation of immune cells, ApoA-I can inhibit the generation of immune cells, affect the expression of related factors, and inhibit the synergistic effect of immune cells. Its molecular mechanism is mainly to increase the efflux of cholesterol, regurate lipid raft-mediated signaling pathways and inhibit NF-kB nuclear translocation. ApoA-I, Apolipoprotein A-I; G-CSF, Granulocyte Colonystimulating Factor; IL-1β, interleukin 1β; IL-8, interleukin 8; LAT, Lipophosphatidic acid; LPs, lipopolysaccharide; GNBY, Gram-negative bacterium Yersinia; ICAM-1, Inter-cellular Adhesion molecule 1; VCAM-1, Vascular Cell Adhesion Molecule 1; VEC, Vascular endothelial cell; IL-6, interleukin 6; TNF, tumor necrosis factor; IL-12p70, interleukin 12p70; IFN-γ, Interferon γ; MHC-II, Major Histocompatibility Complex II; ABCA1, ATP-binding cassette transporter protein A1; TLR-4, Toll-like receptor; JAK2/STAT3, Janus kinase 2/Signal Transducer and Activator of Transcription 3; TTP, tristetraprolin; CDC42, Cell Division Cycle 42; HLA-DR, Human Leukoyte Antigen DR; sICAM-1, soluble Inter-cellular Adhesion molecule 1; MCP-1, Monocyte Chemotactic Protein 1; MIP-1, Macrophage Inflammatory Protein 1.



Based on the available research, the regulation of the anti-inflammatory function of immune cells by ApoA-I may be achieved through the following molecular mechanisms: First, ApoA-I causes cholesterol efflux from immune cells to affect the expression of related factors. ApoA-I has a powerful cholesterol transporter function, it can modulate cellular biological functions by altering the cholesterol in cells, as previously demonstrated, the regulation of cholesterol in arterial vascular endothelial cells (60), and the recently discovered of regulation in pancreatic islet cells (61). ApoA-I has the same cholesterol-transporting effect in immune cells (62). Studies have shown that the decrease of CD11b and TLR-4 expression in monocytes by ApoA-I is due to the exocytosis of cholesterol from monocyte lipid rafts as a result of ApoA-I binding to ABCA1 in monocyte lipid rafts (52, 63), and the inhibition of macrophage antigen presentation and activation of T cells is also due to ApoA-I causing a decrease in the cholesterol content in macrophage lipid rafts (64). Second, ApoA-I affects the expression of related factors through lipid raft-mediated signaling pathways. After treating macrophages with ApoA-I, Yin Kai et al. found that the binding of ApoA-I to ABCA1 activated the Janus kinase 2/Signal Transducer and Activator of Transcription 3 (JAK2/STAT3),and upregulated the expression the tristetraprolin(TTP),which in turn promoted the degradation of TNF-a mRNA through AU-rich elements (AREs) in the 3-untranslated regions (3-UTR), leading to a reduction in the production of TNF-a and a decrease of inflammatory response (65). Third, suppression of gene activation in immune cells by inhibiting NF-kB nuclear translocation. NF-kB translocation plays a crucial role in intracellular signaling pathways and regulates various biological processes (66). In immune cells, stimulation by various factors can cause the transfer of the NF-kB subunit to the nucleus, activating numerous NF-kB-specific target genes, this activation leads to the initiation or enhancement of the immune response (67). ApoA-I inhibits NF-kB nuclear translocation in THP-1 differentiated monocytes, and the expression of VCAM-1 was inhibited and the release of sL-selectin and sICAM-1 were decreased. This reduced the chemotaxis, adhesion and activation functions of monocytes and inhibited the anti-inflammatory effects of monocytes (52, 68) (Figure 2). However, whether the initiating link of ApoA-I for NF-kB translocation inhibition is also due to ApoA-I affecting monocyte cholesterol is not known, and more studies are expected to further explore this.




3.2 Regulation of vascular endothelial cells

Vascular endothelial cells are a single layer of flat epithelium that covers the inner surface of blood vessels. During inflammation, vascular endothelial cells express adhesion molecules and interact with leukocyte surface adhesion molecules in the bloodstream. They also regulate leukocyte crossing of the vessel wall through signaling (69). In a study of a mouse model of type 2 diabetes revascularization, ApoA-I was found to reduce the inflammatory response of endothelial cells in the reconstructed blood vessels and promote vascular repair (70). ApoA-I can directly bind to LPs and influence its stimulatory effect on vascular endothelial cells. This results in the inhibition of E-selectin and intercellular adhesion molecule 1 (ICAM-1) expression in vascular endothelial cells, which leads to reduced adhesion of neutrophils to endothelial cells (56). In vivo experiments were conducted on New Zealand white rabbits infused intravenously with lipid-free ApoA-I, the results showed a reduction in the expression of VCAM-1 and ICAM-1, as well as a decrease in endothelial neutrophil infiltration (71) (Figure 2). However, the specific molecular mechanisms by which ApoA-I regulates vascular endothelial cell function are not well understood.




3.3 Action on microorganisms and their products

ApoA-I binds to a wide range of Gram-positive and Gram-negative bacteria, as well as to lipopolysaccharides and lipophosphatidic acids. In addition, ApoA-I has in vitro antimicrobial activity against Gram-negative bacteria (72). The C-terminal structural domain of ApoA-I serves as an effector site that provides bactericidal activity and contributes to complement mediated killing of the Gram-negative bacterium Yersinia enterocolitica in the small intestine (73) (Figure 2). In addition, ApoA-I was also found to possess in vitro antimicrobial properties against Gram-positive and Gram-negative bacteria in studies with tilapia, and ApoA-I inhibited inflammation and apoptosis and increased the likelihood of survival to bacterial infection (74), and its antimicrobial effect is not affected by temperature, even when the a-helix of ApoA-I is damaged by high temperature, ApoA-I still has the activity of killing bacteria directly (75). Therefore, the structure of ApoA-I may not be closely related to its antimicrobial activity.

Lipoteichoic acid (LTA) is an amphiphilic cationic glycolipid and a major cell wall component of Gram-positive bacteria. It has a structure similar to that of LPs from Gram-negative bacteria. LTA has been implicated as one of the major immunostimulatory components that may trigger systemic inflammatory response syndromes (76). ApoA-I significantly reduces L-929 cell mortality induced by LTA activated macrophages in a dose-dependent manner (77). LPs is one of the most potent stimulators of innate immune activation, and have important effects on human monocyte and macrophage (78). ApoA-I can neutralize the inflammatory effects of LPs through direct binding to LPs and can also regulate cortisol hormone production to play an anti-inflammatory role. In the sepsis model with ApoA-I knockout mice, it was found that ApoA-I knockout mice had a decreased ability to neutralize LPs compared to wild-type mice, and their serum cortisol hormone production was impaired, and the sepsis protection of the mice was reduced (79) (Figure 2).




3.4 Others

In adipocytes, ApoA-I inhibits the expression of IL-6 and TNF induced by palmitate, and it translocate TLR-4 to lipid rafts, thereby inhibiting inflammatory responses in adipocytes (80) (Figure 2).





4 The anti-inflammatory of 4F and CSL

Based on the robustness of ApoA-I and findings in the clinic, ApoA-I supplementation is considered a viable approach to treatment disease. Therefore, ApoA-I which can be used as a medicine has become the focus of attention. Such as ApoA-I mimetic peptides and ApoA-I based infusions.

Anantharamaiah et al. synthesized the first apoA-I mimetic peptide 18A in, 1985,which comprises 18 amino acids (81). Subsequently, the amino acid and α-helix structures of ApoA-I mimetic peptides have been modified to enhance their functionality (82, 83). To date, ApoA-I mimetic peptides in the pilot study phase are 4F,6F,FX-5A,ATI-5261 and ETC-642 (84). Among the many mimetic peptides, 4F has the most prominent anti-inflammatory effects. In vitro,4 F reduces IL-6 secretion in SARS-CoV-2 infected Vero-E6 and Calu3 cells (85), and it has an inhibitory effect on IL-4-induced selective activation of macrophages (43), 4F also inhibits Reactive Oxygen Species(ROS) production and ameliorates oxidative damage in endothelial cells (86). It has been shown in animal studies that ApoA-I mimetic peptides have the inflammation inhibition (87). In mice,4F inhibits the expression of interleukin-6(IL-6), interleukin-1β(IL-1β) and tumor necrosis factor-α (TNF-α) (88), it reduce macrophage infiltration in the liver (89). It also upregulates vascular endothelial growth factor protein expression to improve endothelial cell function in animal studies (90). An in vivo study in humans also showed that oral administration of apoA-I mimetic peptides 6F and 4F reduced plasma and intestinal tissue cytokines (TNF-a, IL-6) and chemokines (CX3CL1), and reduced systemic and intestinal inflammation in chronic treatment of HIV (91).

ApoA-I based infusions include HDL-VHDL infusion, purified ApoA-I infusion, ApoA-IMilano infusion, CSL-111 and CSL-112 infusion,CER-001 infusion and modified ApoA-I (84). Of these,CSL-112 is considered the most viable infusion. CSL-112 consists of purified human ApoA-I and phosphatidylcholine, because it binds less phosphatidylcholine than CSL-111, it does not have the dose toxicity of CSL-111 (92). In previous studies, CSL-111 has been shown to have the effect of downregulating macrophages to reduce inflammation (93, 94). CSL112 also has shown anti-inflammatory effects ex vivo studies, including markers of monocyte chemotactic factor-1 and proinflammatory cytokines interleukin-1β (95).




5 Discussion

ApoA-I goes through a series of complex processes from generation to assembly (96). Thus, both the expression of the ApoA-I gene and the changes in its α-helix structure are susceptible to interference by external environmental factors, and these changes may be associated with the development of the disease (23, 97). ApoA-I is the primary component of HDL, and the biological functions of HDL, including cholesterol regulation (98), inflammatory response modulation (99), and tumor growth modulation are believed to be closely related to ApoA-I (100), which is an effective performer of HDL’s biological functions (101). As described above, ApoA-I plays a pivotal role in the inhibition of the inflammatory response, and this is achieved through the inhibition of immune cell production and activity, the reduction of the recognition of immune cells by vascular endothelial cells, and the direct destructive effect on microorganisms and their products. Specific molecular regulatory mechanisms have focused on the study of immune cells. According to the literature review, most of the regulatory effects of ApoA-I on immune cell function are related to its regulation of cholesterol, in which the effect on lipid rafts is an important target for ApoA-I to regulate immune cells, but a clearer and more systematic mechanism is still not well described, and more and more in-depth studies are expected to be conducted in the future. The decrease of ApoA-I has been detected in many diseases (102–105), especially in those related to inflammation (4–13). However, the underlying cause of the decrease is not clear. Whether the reduction is due to a decrease in ApoA-I production or an increase in ApoA-I depletions is necessary to explore.

As previously described, several studies have shown that ApoA-I mimetic peptides have some anti-inflammatory effects. However, even with studies showing that ApoA-I mimetic peptide does not play a role in suppressing inflammation. In the aortic constriction rabbit model, ApoA-I mimetic infusions did not significantly improve echocardiographic parameters nor molecular markers of cardiac inflammation, oxidative stress and fibrosis (106). This includes previous trial in patients with coronary artery disease or at high risk for cardiovascular disease that showed conflicting results on the effect of oral and parenteral administration of 4F on HDL inflammation indices (107). The contradictory test results may be attributed to the fact that the functions of the simulated components are distinct (108, 109) and that the final evaluation criteria differ for each test. ApoA-I mimetic peptide is a synthetic substance that is similar to ApoA-I. However, its molecular structure differs from ApoA-I, which means that it cannot exert the same effect when it enters the body. Furthermore, the pharmacokinetics and pharmacokinetics of ApoA-I mimetic peptides in vivo require further comprehensive and in-depth investigation. Research on the anti-inflammatory effects of ApoA-I mimetic peptides have been focused on in vitro and in vivo studies, with few clinical trials in humans. The main factors limiting the development of these may be related to the contradictory results of ApoA-I mimetic peptide tests and concerns about their safety. The development of ApoA-I mimetic peptides that are closer to the molecular structure of ApoA-I and safer may require more difficult work. However, from the theoretical standpoint, the structure of CSL-112 is more closely aligned with ApoA-I mimetic peptide, which should result in a more robust anti-inflammatory effect and enhanced safety profile. But the majority studies of CSL-111/112 on immune cells come from atheromatous plaque formation, lack of extensively studied as the ApoA-I mimetic peptides in inflammation. And concerns have been raised about the efficacy of CSL-112 due to the findings of recent clinical studies, which indicated that patients with acute myocardial infarction treated with CSL-112 did not experience a significant reduction in major adverse cardiovascular events (110). We are looking forward to deeper study and bigger breakthroughs in the anti-inflammatory treatment of CSL-112.




6 Conclusions

The production and assembly of ApoA-I is influenced by multiple factors, and ensuring the structural integrity of ApoA-I is a prerequisite for its anti-inflammatory effects. ApoA-I can exert its anti-inflammatory effects through regulate immune cells, vascular endothelial cells, and direct interaction with microorganisms and their products. Several experiments have demonstrated that ApoA-I mimetic peptides and ApoA-I based infusions inhibit inflammatory responses. It is anticipated that safer and more efficacious ApoA-I drugs will emerge in the near future as research progresses.
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Osteoarthritis (OA) is the most prevalent cartilage degenerative and low-grade inflammatory disease of the whole joint. However, there are currently no FDA-approved drugs or global regulatory agency-approved treatments OA disease modification. Therefore, it’s essential to explore novel effective therapeutic strategies for OA. In our study, we investigated the effects of AFK-PD, a novel pyridone agent, on the development of OA induced by destabilization of the medial meniscus (DMM) in vivo, and its impact on the function of chondrocytes treated with IL-1β in vitro. Our results demonstrated AFK-PD alleviated OA progression through inhibiting cartilage degeneration, articular inflammation and osteophyte formation. Notably, AFK-PD inhibited chondrocyte inflammation and synovial macrophage M1 polarization, leading to the attenuation of articular inflammation. Additionally, AFK-PD promoted chondrocyte anabolism while mitigating catabolism and apoptosis, effectively inhibiting cartilage degeneration. Mechanistically, AFK-PD suppressed the expression of key signaling molecules involved in the MAPK pathway, such as p-ERK1/2 and p-JNK, as well as the NF-κB signaling molecule p-p65, in IL-1β-induced chondrocytes. These findings suggest AFK-PD ameliorates the development of OA by protecting chondrocyte functions and inhibiting articular inflammation in chondrocytes and synovial macrophages. Overall, our study highlights AFK-PD as a promising therapeutic candidate for the treatment of OA.
Keywords: AFK-PD, osteoarthritis, chondrocyte, inflammation, MAPK/ NF-κB pathways
1 INTRODUCTION
OA is the most prevalent chronic musculoskeletal disease characterized by pain and disability. It is widely recognized that OA is a whole joint disease characterized by cartilage degeneration, synovial inflammatory (synovitis), osteophyte formation and subchondral bone remodeling. Synovial and articular inflammatory environment within the joint are the key factors for chondrocyte apoptosis and cartilage degeneration. Specifically, degraded cartilage matrix releases damage-associated molecular patterns (DAMPs), which trigger inflammatory responses of chondrocytes and synovial macrophages by secreting proinflammatory cytokines (including IL-1β, TNF-α and IL6) and matrix-degradative enzymes such as matrix metalloproteinases (MMPs) (Zhang et al., 2020; Hashizume et al., 2024). Nowadays, conventional non-steroidal anti-inflammatory drugs (NSAIDs) are widely used to alleviate joint inflammation. However, they only provide symptomatic relief without improving cartilage degeneration and are associated with inevitable side effects (Zhou et al., 2019). Therefore, it’s important to explore novel effective therapeutic strategies for OA.
IL-1β is a major inducer of chondrocytes inflammation and metabolism imbalance. When exposed to IL-1β inflammatory stimuli, catabolic factors (MMP13) are increased whereas anabolic factors (Col2a1, Acan and Sox9) are decreased. This imbalance in chondrocyte metabolism and the subsequent apoptosis ultimately lead to cartilage degradation (Wang et al., 2023). A large number of research have confirmed MAPK and NF-κB signaling pathways were activated in OA cartilage and IL-1β-induced mouse chondrocytes (Saklatvala, 2007). In detail, during OA progression, inflammatory mediators (such as IL-1β) induce phosphorylation of p38, JNK, and ERK1/2, the key factors of in MAPK signaling pathway, and translocation of these phosphorylated factors to the nucleus in chondrocytes. In addition, inflammatory mediators also activate the phosphorylation and nucleus translocation of NF-κB p65, the key factor in NF-κB signaling pathway, in chondrocytes. These phosphorylated factors further lead to the release of pro-inflammatory cytokines, metaloproteinases (MMPs) and aggrecanases, which shift chondrocytes metabolism towards a catabolic state, ultimately leading to chondrocytes apoptosis and cartilage matrix degeneration (Yan et al., 2020; Gratal et al., 2022; Lu et al., 2023). So, targeting inflammation-associated factors and signaling pathways holds promise as alternative and innovative therapies.
AKF-PD (1-(3-fluorophenyl)-5-methyl-2-(1H)-pyridone), referred to as Fluorofenidone, is a novel low-molecular-weight pyridone agent. Increasing evidence has demonstrated AFK-PD possesses various pharmacological properties, including anti-inflammation, anti-apoptosis and anti-oxidative in conditions such as liver fibrosis, liver failure, kidney injury and lung injury (Jiang et al., 2019; Lv et al., 2021; Tu et al., 2021; Gu et al., 2023). Recently, it has been shown that Pirfenidone, an analogue of AFK-PD, attenuated OA progression by inhibiting synovial fibrosis and inflammation (Wei et al., 2021). In addition, Many of studies have uncovered AFK-PD had anti-inflammatory and anti-apoptotic effects by restraining MAPK and NF-κB pathways in many of diseases such as liver fibrosis, kidney injury and lung injury (Peng et al., 2013; Qin et al., 2015; Tang et al., 2015; Jiang et al., 2019; Peng et al., 2019; Lv et al., 2021; Tu et al., 2021; Gu et al., 2023). However, it’s unclear whether AFK-PD ameliorates OA progression by regulating chondrocyte inflammation and metabolism, as well as the MAPK and NF-κB signaling pathways involved in such fine-tuned regulation.
In this study, we aimed to investigate the impact of AFK-PD on the progression of OA and elucidate the underlying mechanism by which AFK-PD regulates inflammation and chondrocyte metabolism in IL-1β-induced mouse chondrocytes. Our findings demonstrated that AFK-PD effectively inhibited synovial and chondrocytes inflammation and shifted chondrocytes catabolic to anabolic metabolism via mitigating MAPK/NF-κB signaling. Ultimately, these effects resulted in the amelioration of OA progression.
2 MATERIALS AND METHODS
2.1 Primary chondrocytes extract and treatment
Primary chondrocytes were isolated from the femoral condyles and tibial plateau of 3-day-old mice, following the previously described methods (Salvat et al., 2005; Gosset et al., 2008). Briefly, the mice were euthanized and sterilized with 75% ethanol for 2 min. The articular cartilage was then isolated from the femoral condyles and tibial plateau under a dissecting microscope. Subsequently, the articular cartilage was incubated in 0.2% collagenase (C5138, Sigma-Aldrich, Missouri, United States) for 30 min at 37°C. After three washes with PBS, the articular cartilage was incubated in 0.2% collagenase for an additional 3 h at 37°C. The resulting cell suspension was aspirated repeatedly and filtered through a 100-μm cell strainer. The cells were then rinsed in PBS, counted, and seeded in 6-well plates at a density of 1 million cells per well in DMEM (11965092, Thermo Fisher Scientific, Massachusetts, United States) supplemented with 100 units/mL penicillin, 100 μg/mL streptomycin, 50 μg/mL ascorbic acid, and 10% fetal bovine serum (A5670701, Thermo Fisher Scientific, Massachusetts, United States). The chondrocytes were subsequently treated with recombinant IL-1β (10 ng/mL; P06804, R&D Systems, Minnesota, United States) and AFK-PD (Provided by Professor Lijian Tao from Central South University) for 24 h.
2.2 Cell viability
Cell viability was assessed by Cell Counting Kit-8 (BS350B, Biosharp, Wuhan, China) following the manufacturer’s instructions. Primary chondrocyte (8×103/well) seeded in 96-well plates were exposed to AFK-PD at various concentrations for 48 h. Subsequently, the absorbance was recorded at 450 nm using a microplate reader (Bio-Rad, Hercules, CA, United States) (Lou et al., 2023).
2.3 Knee osteoarthritis model
The adult C57/BL6 mice were purchased from Beijing Vital River Laboratory Animal Technology Co. Ltd.
Osteoarthritis was established in 8-week-old male mice by destabilizing the medial meniscus (DMM) following previous studies (Glasson et al., 2007). Briefly, mice firstly were anesthetized with isoflurane (1349003, Sigma-Aldrich, Missouri, United States). The right knee was then subjected to the transection of the medial meniscotibial ligament under a dissecting microscope. The sham operation was only subjected with medial capsulotomy in right knee. The mice that underwent the DMM procedure were randomly divided into two groups (n = 8). One week after the operation, AFK-PD treated group received an intra-articular injection of 8 μL AFK-PD (dissolved in saline at a concentration of 400 μg/mL). The control group was injected with saline. In the sham group, mice were injected with the same volume of saline (n = 8). All group were administered intra-articular injection once a week for 7 weeks.
All animal studies were authorized and conducted in accordance with the Animal Care and Use Committee of Xinxiang Medical University.
2.4 Histological analysis
After 8-week OA surgery, mice were sacrificed and the right knee joints were fixed in 4% paraformaldehyde. Subsequently, decalcification was performed using 10% EDTA for 4 weeks, and the joints were embedded in paraffin. Coronal sections with a thickness of 4 μm were obtained through the knee joints. These sections were stained with Safranin O/Fast Green (G1371, Solarbio, Nanjing, China) according to the recommended protocol. Histologic changes of articular cartilage were scored using recommended Osteoarthritis Research Society International (OARSI) (cartilage OA histopathology scoring system, on a scale of 0–6) (Glasson et al., 2010). Additionally, the sections were stained with hematoxylin and eosin (H&E) (G1120, Solarbio, Nanjing, China) to assay joint synovitis using synovitis scoring system (Gerwin et al., 2010).
All slides were evaluated independently by two investigators who were blinded to the treatment regimen.
2.5 Micro-computed tomography (micro-CT)
Mice knee joints were fixed in 4% PFA, and subsequently, the microstructure of the joints was analyzed using a micro-CT scanner (mCT80; Scanco Medical AG) as described (Li et al., 2022). The three-dimensional (3D) reconstruction images of the joints were obtained using Scanco Medical software.
2.6 Immunohistochemistry
Immunohistochemical staining was performed using the DAB staining method according to the recommended protocol. Briefly, after deparaffinization and rehydration, antigen retrieval was carried out using 2.5 mg/mL trypsin for 40 min. The sections were then treated with 3% H2O2 for 10 min to block endogenous peroxidase activity. Subsequently, after blocking with 5% BSA (37,520, Thermo Fisher Scientific, Massachusetts, United States) for 1 h at 37°C, the sections were incubated overnight at 4°C with the primary antibody. On the following day, the sections were incubated with HRP-labeled secondary antibodies for 1 h at 37°C. The protein expression signal was visualized as a brown reaction product using the peroxide substrate 3,3′-diaminobenzidine (DAB) (ZLI-9017, ZSGB-BIO, Beijing, China), and counterstained with hematoxylin. The number of stained cells was counted in five random high-magnification fields within the articular cartilage by three investigators who were blinded to the treatment regimen. The average percentage of positive cells to total cells was calculated.
2.7 Immunofluorescence staining
Immunofluorescence staining was performed on 4 μm paraffin sections. Briefly, after deparaffinization, rehydration, and antigen retrieval, the sections were incubated overnight at 4°C with the indicated primary antibodies. Subsequently, the sections were incubated with fluorochrome-labeled secondary antibodies (Fluor 488 or TRITC) (115-025-003 and 115-545-003, Pennsylvania, United States) at 37°C for 1.5 h. Nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI) (P0131, Beyotime Biotechnology, Shanghai, China) for 15 min at room temperature. Images were captured using a fluorescence microscope (Nikon Eclipse Ti-S, Tokyo, Japan). The number of positive cells was quantified in five random high-magnification fields within the articular cartilage by three investigators who were blinded to the treatment regimen. The average percentage of positive cells to total cells was calculated.
2.8 Chondrocytes micro-mass culture and alcian blue staining
The 20 μL suspension containing primary 2 × 105 chondrocytes in DMEM medium was dropped into each well of 24-well plate. After 2 h, micro-masses were treated with IL-1β and AFK-PD in DMEM with 10% FBS for 7 days. Alcian blue staining was performed with Alcian Blue Stain Kit (G1565, Solarbio, and Beijing, China) according to the recommended protocol. The micro-masses were washed with PBS, fixed with paraformaldehyde for 10 min, rinsed with 0.1 N HCl, and then stained with 1% alcian blue at room temperature for 30 min (Atsuta et al., 2019).
2.9 RAW264.7 cells culture
RAW264.7 cells were obtained from the Cell Bank of Type Culture Collection of Chinese Academy of Science (Shanghai, China) and cultured in DMEM supplemented with 10% fetal bovine serum and 100 units/mL penicillin and 100 μg/mL streptomycin at 37°C and 5% CO2 condition. 1 × 105 RAW264.7 cells were polarized to M1 macrophage with 50 ng/mL lipopolysaccharide (LPS) (#L2630, Sigma-Aldrich, St. Louis, MO, United States), and subsequently treated with AFK-PD (400 μg/mL for 24 h to detect the mRNA level of M1-related markers).
2.10 TUNEL assay
Apoptotic cells from articular cartilage and primary chondrocytes were detected by In Situ Cell Death Detection Kit (No.12156792910, Roche, Mannheim, Germany), according to the manufacturer’s instructions. TUNEL-labeled cells visualized as red fluorescence, while nuclei were counterstained with DAPI. The percentage of TUNEL-positive cells was calculated as the number of labeled cells/total cells per high-magnification field. All determinations were made by the same observer blinded to the treatment category.
2.11 Western blot
The cells were washed with chilled PBS and lysed in a lysis buffer. The lysates were then subjected to 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF) membranes. Following transfer, the membranes were incubated overnight at 4°C with the respective primary antibodies as indicated. The next day, the membranes were incubated with secondary antibodies for 60 min. Subsequently, the protein bands were visualized using an enhanced chemiluminescence detection system (WBKLS0100, Millipore, Burlington, United States). The resulting bands were quantified using the ImageJ software through densitometry analysis (Qian et al., 2023).
2.12 RNA extraction and quantitative real-time PCR
Total RNA was extracted from cells using RNA-Quick Purification Kit (RN001, ES Science, Shanghai, China). The isolated RNA was reverse transcribed using HiScript Ill 1st Strand cDNA Synthesis Kit (R312-02, Vazyme, Nanjing, China) to synthesize cDNA. Real-time quantitative PCR was carried out in a MJ Mini Real-Time PCR Detection System using Taq Pro Universal SYBR qPCR Master Mix (Q712-02, Vazyme, Nanjing, China). Gene expression was normalized to GAPDH, and relative expression was calculated using the 2–(ΔΔCt) method. The following primer sequences were described in Supplementary Table S2.
2.13 Statistical analysis
All the data were presented as the mean ± SD. Data analysis was conducted using PASW Statistics 17 (SPSS Inc.). And statistical significance was determined by an unpaired, two-tailed Student t test between the 2 groups or one-way ANOVA for more than 2 groups. Values of p < 0.05 were considered statistically significant.
3 RESULTS
3.1 Effect of AFK-PD on metabolism and apoptosis of IL-1β-induced chondrocytes
Firstly, the cytotoxicity of AFK-PD on mouse primary chondrocytes was tested using CCK-8. The results showed that AFK-PD had no cytotoxicity at concentration of 0–400 μg/mL (Supplementary Figure S1). Furthermore, we explored the protein expression of MMP13, a catabolic marker for chondrocytes, in primary IL-1β-induced chondrocytes treated with AFK-PD at concentration of 0–400 μg/ml. As shown in Supplementary Figure S2, AFK-PD at concentrations of 200 and 400 μg/mL significantly inhibited the MMP13 expression in IL-1β-induced chondrocytes. Based on many of evidence confirming the effective concentration of AFK-PD to be 400 μg/mL in different kinds of cells (Jiang et al., 2019; Lv et al., 2021; Tu et al., 2021; Gu et al., 2023), subsequent experiments involving AFK-PD treatment were performed at this concentration.
To clearly study the effect of AFK-PD on chondrocyte’s metabolism, we firstly detected the mRNA expression level of catabolic and anabolic makers in AFK-PD-treated primary chondrocytes using RT-qPCR analysis. The results exhibited the increased expression of anabolic makers (Sox9, Acan and Col2a1) but no markedly difference of catabolic marker Mmp13 in AFK-PD-treated chondrocytes compared to control (Figures 1A–D). Additionally, when primary chondrocytes were induced with IL-1β for 24 h, AFK-PD ameliorated the IL-1β-mediated low expression of anabolic makers and high expression of Mmp13 (Figures 1A–D). We further confirmed the effect of AFK-PD at the protein level. Western blot experiments uncovered AFK-PD increased Collagen II expression but had no effect on MMP13 expression in chondrocytes (Figures 1E–G). After IL-1β intervention, Collagen II expression was inhibited, and MMP13 expression was enhanced. Moreover, AFK-PD rescued the decreased Collagen II and increased MMP13 in chondrocytes induced by IL-1β (Figures 1E–G). Similar results are also observed in immunofluorescence (IF) analysis (Figure 2A). Next, chondrocyte micro-mass cultures were used to assess the contribution of AFK-PD to chondrocyte differentiation. After 6 days of AFK-PD treatment, alcian blue staining displayed a more robust stain in AFK-PD-treated chondrocytes compared to the control. Moreover, AFK-PD improved the reduced stain in IL-1β-induced chondrocytes (Figure 2B).
[image: Figure 1]FIGURE 1 | The influence of AFK-PD on chondrocyte anabolism and catabolism in IL-1β-induced primary chondrocyte. Primary chondrocytes were isolated from the femoral condyles and tibial plateau of 3-day-old mice. (A–D) RT-qPCR for Sox9, Aggrecan, Col2a1 and Mmp13 in IL-1β-induced primary chondrocyte with or without AFK-PD. (E) Western blot for Collagen II and MMP13 in IL-1β-induced primary chondrocyte with or without AFK-PD. And quantitative of Collegan II and Mmp13 was shown on the bottom (F, G). Data are presented as mean ± SD. (n = 3/group, Student t test; *p < 0.05, **p < 0.01).
[image: Figure 2]FIGURE 2 | The effects of AFK-PD on chondrocyte anabolism, catabolism and apoptosis in IL-1β-induced primary chondrocyte. (A) The alcian blue staining of chondrocyte micro-mass in IL-1β-induced primary chondrocyte with or without AFK-PD for 6 /s (scale bars: 500 μm). The alcian blue staining was quantized on the bottom (n = 4). (B) The immunofluorescence for Aggrecan, MMP13 and TUNEL expression in primary chondrocyte IL-1β-induced primary chondrocyte with or without AFK-PD (scale bars: 50 μm). And quantitative of the positive cells was shown on the bottom (n = 5). Data are presented as mean ± SD. (Student t test; *p < 0.05, **p < 0.01).
Because of the important role of chondrocytes apoptosis in OA progression (Hosseinzadeh et al., 2016), we further explored the influence of AFK-PD on apoptosis in chondrocytes with or without IL-1β using TUNEL staining. As showed in Figure 2A, there were no chance observed between AFK-PD and control chondrocytes. However, AFK-PD inhibited the high occurrence of TUNEL-positive cells in IL-1β-induced chondrocytes. The above results indicated AFK-PD promoted chondrocyte’s anabolism, as well as inhibited chondrocyte’s catabolism and apoptosis in IL-1β-induced chondrocytes.
3.2 AFK-PD inhibited inflammation in IL-1β-induced chondrocytes
Considering IL-1β as a major inducer of chondrocytes inflammation (Wang et al., 2023), we studied the involvement of AFK-PD in inflammation in IL-1β-induced chondrocytes. RT-qPCR results revealed no significant difference in the mRNA expression of Inos, Il6 and Cxcl5 but a decreased expression of Cox2, Il1b and Cxcl3 in chondrocytes after AFK-PD treatment. However, AFK-PD obviously inhibited IL-1β-induced high mRNA expression of Inos, Cox2, Il6, Il1b, Cxcl3 and Cxcl5 in primary chondrocytes (Supplementary Figure S3). These data suggested AFK-PD suppressed IL-1β-induced inflammation in chondrocytes.
3.3 AFK-PD restrained MAPK and NF-KB pathways in IL-1β-induced chondrocytes
To further explore the potential molecular mechanisms underlying the effect of AFK-PD on IL-1β-induced chondrocytes function, we performed RNA-sequencing analysis on IL-1β-induced chondrocytes with and without AFK-PD treatment. The volcano plot showed differentially expressed genes (DEGs) between AFK-PD-treated and control chondrocytes in the presence of IL-1β. Among these DEGs, 457 genes were downregulated and 260 genes were upregulated in AFK-PD-treated chondrocytes compared to control chondrocytes (Figure 3A). Furthermore, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis exhibited the top 20 enrichment signaling pathways (Figure 3B). Notably, the MAPK and NF-κB signaling pathways, which are known to play important roles in chondrocyte differentiation, apoptosis, and inflammation (Lu et al., 2023), were among the identified pathways (Figure 3B).
[image: Figure 3]FIGURE 3 | AFK-PD inhibited MAPK and NF-κB pathways in IL-1β-induced primary chondrocytes. (A) Volcano plot of RNA-seq analysis for differentially expressed genes between IL-1β-induced primary chondrocyte with and without AFK-PD. (B) Bar plot showing the top 20 enriched KEGG pathways in the differentially expressed genes between IL-1β-induced primary chondrocyte with and without AFK-PD. (C) Western blot for the protein expression of p-ERK1/2, ERK1/2, p-p38, p38, p-JNK, JNK, p-P65 and p65 in L-1β-induced primary chondrocyte with or without AFK-PD. Quantitative of the protein expression is was shown on the right (D–G). Data are presented as mean ± SD. (n = 3/group, Student t test; *p < 0.05, **p < 0.01).
First, we examined the expression of key factors in the MAPK signaling pathway, namely, p-ERK1/2, p-JNK, and p-p38, in chondrocytes with or without AFK-PD treatment. Western blot revealed AFK-PD inhibited the protein expression of p-ERK1/2 but had no effect on p-JNK and p-p38. And also, AFK-PD decreased IL-1β-induced high expression of p-ERK1/2 and p-JNK (Figures 3C–F) in chondrocytes. Similar results were confirmed by IF analysis (Figures 4A, B). Next, we assessed the expression of p-p65, a key factor in the NF-κB signaling pathway, using western blot analysis. AFK-PD-treated chondrocytes showed decreased expression of p-p65 compared to the control. Moreover, AFK-PD mitigated the increased expression of p-p65 in chondrocytes induced by IL-1β (Figures 3C, G). Similarly, IF analysis revealed that AFK-PD resulted in decreased expression of p-p65 in chondrocytes with or without IL-1β stimulation (Figure 4C). Hence, it was proposed that AFK-PD inhibited MAPK and NF-κB pathways in IL-1β-induced chondrocytes.
[image: Figure 4]FIGURE 4 | AFK-PD restrained MAPK and NF-κB pathways in IL-1β-induced primary chondrocytes. (A–C) The immunofluorescence for p-ERK1/2, p-JNK and p-p65 expression in primary chondrocyte IL-1β-induced primary chondrocyte with or without AFK-PD (scale bars: 50 μm). And quantitative of the positive cells was shown on the right. Data are presented as mean ± SD. (n = 5/group, Student t test; *p < 0.05, **p < 0.01).
3.4 AFK-PD ameliorated the development of DMM-induced OA
The above results demonstrate that AFK-PD inhibits catabolic metabolism, apoptosis, and inflammation while promoting anabolic metabolism in IL-1β-induced chondrocytes in vitro. To further dissect the contribution of AFK-PD to the progression of OA, we conducted in vivo experiments. Mice underwent destabilized medial meniscus (DMM) surgery or sham surgery on their right knees. One week post-operation, mice were administrated intra-articular injection of AKK-PD once a week. After 7-week treatment, histological changes of articular cartilage were evaluated using Safranin-O staining and scoring of OARSI grade. Sham-operated mice showed no changes in the articular cartilage, while DMM-operated mice exhibited extensive loss of Safranin-O staining and vertical erosion extending to the calcified cartilage, encompassing over 25% of the area. However, AFK-PD-treated OA mice revealed minimal loss of Safranin-O staining and cartilage (Figure 5A). Further, the OARSI scoring system revealed lower scores in AFK-PD-treated OA mice compared to OA mice (Figure 5B).
[image: Figure 5]FIGURE 5 | AFK-PD inhibited articular cartilage degradation and osteophyte formation at 8 weeks post-OA surgery. (A) The safranin O–fast green staining of knee joint in sham, OA and OA + AFK-PD mice (scale bars: 100 μm). (B) OARSI scores of the medial femoral condyle and tibial plateau in sham, OA and OA + AFK-PD mice (n = 8). (C) 3D reconstructed images of mice knee joints from sham, OA and OA + AFK-PD mice (scale bars: 1 mm). (D) Quantified changes in number of osteophytes. Data are presented as mean ± SD (n = 8/group, Student t test; *p < 0.05, **p < 0.01).
Micro-CT was subjected to assess osteophyte formation, a major pathological feature of OA. Sham-operated mice showed no signs of osteophyte formation, while OA mice exhibited numerous osteophytes around the tibial plateau and femoral condyles. Following AFK-PD treatment, the results showed a lower number of osteophytes in AFK-PD-treated OA mice compared to OA mice (Figures 5C, D). So, the above data indicated AFK-PD ameliorated cartilage degeneration and osteophyte formation in OA progression.
3.5 Effect of AFK-PD on chondrocyte metabolism and apoptosis in OA cartilage
To further elucidate the cellular mechanism underlying AFK-PD-mediated alleviation of OA progression, we detected the expression of chondrocyte factors related to OA progression. Immunohistochemistry was subjected to assess chondrocyte anabolic factor Aggrecan in articular cartilage. As seen in Figure 6A, the cartilage of OA mice had lower Aggrecan expression than sham mice, but AFK-PD-treated OA mice showed more robust expression of Aggrecan in articular cartilage than OA mice. Next, IF analysis demonstrated an increased expression level of MMP13 in the cartilage of OA mice compared to sham mice. However, AFK-PD treatment rescued the higher expression of MMP13 in the cartilage of OA mice (Figure 6B). Furthermore, we determined the contribution of AFK-PD to chondrocyte apoptosis in cartilage of OA mice using TUNEL staining. The analysis revealed an increased number of TUNEL-positive cells in the cartilage of OA mice compared to sham mice. However, AFK-PD treatment alleviated the enhanced number of TUNEL-positive cells in the cartilage of OA mice (Figure 6C). The above results suggest that AFK-PD ameliorates cartilage degeneration by inhibiting chondrocyte catabolic metabolism and apoptosis while promoting anabolic metabolism.
[image: Figure 6]FIGURE 6 | AFK-PD enhanced Aggrecan expression and restrained MMP13 and apoptosis of articular cartilage in mice after DMM surgery. (A) The Immunohistochemistry for Aggrecan in the articular cartilage in sham, OA and OA + AFK-PD mice at 8 weeks post OA surgery (scale bars: 50 μm), and quantitative analysis of the positive cells was shown on the right. The articular cartilage was marked between two black dotted lines. (B) The immunofluorescence for MMP13 expression in the articular cartilage in sham, OA and OA + AFK-PD mice (scale bars: 50 μm), and quantitative analysis of the positive cells was shown on the right. The articular cartilage was marked between two white dotted lines. (C) The immunofluorescence for apoptosis marker TUNEL in the articular cartilage in sham, OA and OA + AFK-PD mice (scale bars: 50 μm), and quantitative analysis of the positive cells was shown on the right. The articular cartilage was marked between two white dotted lines. Data are presented as mean ± SD (n = 5/group, Student t test; *p < 0.05, **p < 0.01).
3.6 AFK-PD inhibited synovial inflammation by dampening M1 macrophage polarization
Considering the vital contribution of synovial inflammation to initiation and progression of OA (Sanchez-Lopez et al., 2022), H&E staining was carried out to assess synovial inflammation. Synovium of OA mice revealed high levels of synovial hyperplasia and abundant cell infiltration, characteristic of synovitis, along with higher synovitis scores compared to sham mice (Figures 7A, B). However, after AFK-PD treatment, a decrease in synovial hyperplasia and cell infiltration was observed along with lower synovitis scores in the synovium compared to OA mice (Figures 7A, B). Synovitis is mainly characterized by enhancing synovial M1 macrophages (pro-inflammation macrophage) (Zhang et al., 2018). Thus, we detected the expression of M1 macrophage markers (CD80 and iNOS) in the synovium using IF. As shown in Figure 7C, the expression of these markers uncovered more robust in synovium of OA mice compared to sham mice, but AFK-PD treatment partially inhibited their high expression.
[image: Figure 7]FIGURE 7 | AFK-PD relieved synovitis in OA. (A) H&E staining of the synovium in sham, OA, and OA + AFK-PD groups at 8 weeks post OA surgery. Scale bars: 100 μm. Black boxed areas showed synovium. (B) Quantification of the synovitis scores of samples was shown on the right (n = 8/group). (C) The immunofluorescence for CD80 and iNOS in synovium from sham, OA, and OA + AFK-PD mice (scale bars: 100 μm). Data are presented as mean ± SD (Student t test; *p < 0.05, **p < 0.01).
Above results indicated AFK-PD inhibited M1 macrophage polarization in OA synovium. We further confirmed the effect of AFK-PD on macrophage M1 polarization in RAW264.7 cells induced by LPS. RT-qPCR results revealed AFK-PD had no effect on M1-related markers (Il6, Inos, Il1b and Mmp13) in RAW264.7 cells without LPS. However, AFKP-PD attenuated the LPS-induced high mRNA expression of these M1-related markers in RAW264.7 cells (Supplementary Figure S4AD). IF further confirmed AFK-PD rescued the increased protein expression of iNOS in RAW264.7 cells with LPS (Supplementary Figure S4E). These results indicated that AFK-PD suppresses synovial inflammation by inhibiting M1 macrophage polarization.
4 DISCUSSION
OA is the most prevalent joint disease characterized by cartilage degeneration and low-grade inflammation. The articular inflammatory environment is the key factor contributing to cartilage degeneration (Sanchez-Lopez et al., 2022). Currently, early-stage OA was widely treated with nonsteroidal anti-inflammatory drugs (NSAIDs) to only symptom relief, but these treatments are unable to prevent cartilage degeneration (Liu-Bryan and Terkeltaub, 2015). Consequently, end-stage OA was often submitted to replacement arthroplasty. To date, no effective and available drugs to prevent and treat OA. Therefore, it is an urgent concern to develop new therapeutic drugs that can effectively prevent the deterioration of joint cartilage in osteoarthritis. In our study, we found AFK-PD, a novel pyridone agent, inhibited IL-1β-induced chondrocyte inflammation. And also, AFK-PD improved synovitis in OA mice by inhibiting M1 macrophages polarization. Similar effects were observed as AFK-PD ameliorated lethal endotoxemia in mice by inhibiting the production of TNF-α and IL-1β in M1 macrophages (Tang et al., 2010). Other studies showed AFK-PD restrained inflammation of renal injury by reducing the expression of chemokines, pro-inflammatory cytokines and NLRP3 inflammasome in mouse peritoneal M1 macrophages (Tang et al., 2015; Liao et al., 2021). AFK-PF also mitigated the inflammation of hepatic cirrhosis by inhibiting peritoneal M1 macrophages. Furthermore, AFK-PD inhibits inflammation in acute lung injury by reducing the number of F4/80-labeled macrophages in mice lungs (Lv et al., 2021). Our results indicated that AFK-PD inhibited both chondrocyte and macrophage-mediated inflammation.
As is widely recognized, the imbalance between chondrocyte catabolic and anabolic metabolism is the direct driver of cartilage degeneration during OA progression (Segarra-Queralt et al., 2024). Therefore, we explored the contribution of AFK-PD to chondrocyte’s metabolism. Without IL-1β interference, AFK-PD enhanced anabolic metabolism and decreased catabolic metabolism in primary chondrocyte. And AFK-PD rescued particially the IL-1β-induced lower anabolic metabolism and higer catabolic metabolism. These results suggested AFK-PD not only regulated chondrocyte’s metabolism under physiological status, but also remodeled imbalance of chondrocyte anabolic and catabolic metabolism induced by inflammation. Based on the AFK-PD-promoted chondrocyte diffirentiation per se, we wondered whether AFK-PD promotes the chondrogenesis of mesenchymal stem cell (MSC). This is particularly important if AFK-PD promotes cartilage regeneration derived from MSCs to repair cartilage defects.
Chondrocytes, the sole resident cells in articular cartilage, are required for maintaining cartilage structure and homeostasis. Therefore, the survival of chondrocytes is vital for the normal physiological state of the articular cartilage. It is widely recognized that chondrocyte apoptosis is essential for the occurrence and progression of OA (Hosseinzadeh et al., 2016; Li et al., 2024). In our study, we found AFK-PD inhibited the apoptosis of chondrocyte induced by IL-1β in vitro. Furthermore, AFK-PD dampened obviously chondrocyte apoptosis in articular cartilage from OA mice. This finding is consistent with previous evidence demonstrating that AFK-PD alleviated apoptosis in acetaminophen-induced acute liver failure (Gu et al., 2023). And AFK-PD also ameliorated cell apoptosis of kidney in cisplatin-induced acute kidney injury mice and cisplatin-treated NRK-52E cells (Jiang et al., 2019). Moreover, AFK-PD attenuated pulmonary apoptosis in LPS-induced acute lung injury mice (Lv et al., 2021). Therefore, our study further expands our understanding of the anti-apoptotic effects of AFK-PD.
The activation of NF-κB and MAPK pathways are closely involved in aggravation of OA, leading to production of pro-inflammatory cytokines and metaloproteinases both in chondrocyte and synovial macrophage. This ultimately results in imbalance of chondrocyte metabolism and cartilage matrix degeneration (Yan et al., 2020; Gratal et al., 2022; Lu et al., 2023). Our study showed NF-κB and MAPK pathways were significantly activated after stimulation with IL-1β. However, AFK-PD demonstrated the ability to inhibit the phosphorylation level of key factors associated with NF-κB and MAPK pathways. This finding suggests that AFK-PD suppresses chondrocyte inflammation and shifts chondrocyte metabolism from catabolism to anabolism in IL-1β-induced chondrocytes by inhibiting NF-κB and MAPK pathways. Consistent with these results, AFK-PD inhibited inflammation in chronic renal failure and acute kidney injury via mitigating NF-κB and MAPK pathways (Tang et al., 2015; Jiang et al., 2019). Moreover, AFK-PD restrained hepatic inflammation in hepatic cirrhosis by blocking the activation of NF-κB pathways (Tu et al., 2021). Moreover, AFK-PD had anti-inflammation effect on acute lung injury through inhibiting MAPK and NF-κB pathway (Lv et al., 2021).
In conclusion, our findings present AFK-PD as a promising candidate for the treatment of OA. We demonstrated that AFK-PD effectively delayed the development of OA by inhibiting inflammation in chondrocytes and suppressing M1 polarization of synovial macrophages. Furthermore, AFK-PD exhibited positive effects in reducing cartilage degeneration by protecting the chondrocyte functions. Mechanistic investigations revealed that AFK-PD’s effects in IL-1β-induced chondrocytes were mediated through the MAPK and NF-κB pathways. Of note, many of risk factors had involved in initiation and development of OA, including biomechanical injury, aging and obesity. In our study, we focused on assessing the impact of AFK-PD on the progression of traumatic osteoarthritis induced by destabilization of the medial meniscus (DMM), a biomechanical injury. However, the specific contribution of AFK-PD to the initiation and development of aging and obesity-related OA remains unclear. Therefore, it is crucial to expand future studies to evaluate the treatment effects of AFK-PD on OA using mouse models that represent aging and obesity-related OA.
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Ferroptosis is an iron-dependent form of cell death, which finally culminates in lipid peroxidation and membrane damage. During the past decade, the interest in ferroptosis increased substantially and various regulatory components were discovered. The role of ferroptosis during inflammation and its impact on different immune cell populations is still under debate. Activation of inflammatory pathways such as nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) and hypoxia inducible factors (HIFs) are known to alter the ability of cells to undergo ferroptosis and are closely connected to iron metabolism. During inflammation, iron regulatory systems fundamentally change and cells such as macrophages and neutrophils adapt their metabolism towards iron sequestering phenotypes. In this review, we discuss how ferroptosis alters inflammatory pathways and how iron metabolism under inflammatory conditions affects immune cell ferroptosis.
Keywords: HIF, NF-kB, iron, lipid peroxidation, LCN2
INTRODUCTION
Within the last decades, several forms of cell death were discovered. Besides “classic” forms such as apoptosis and necrosis also pyroptosis and ferroptosis were described. More recently, ferroptosis has gained increasing attention in basic science and clinical settings. First hints of this form of cell demise emerged in the 1950s by H. Eagle who showed that amino acid deprivation increased cell death (Eagle, 1955). The term ferroptosis was coined by Dixon and coworkers in 2012 (Dixon et al., 2012). Ferroptosis depends on iron-mediated lipid peroxidation, which disrupts membrane integrity. In the meantime, various cellular pathways were uncovered to contribute to or prevent ferroptosis. Among these glutathione and iron metabolism are most substantial. Besides cell demise, the contribution of ferroptosis to the pathogenesis of cancer and inflammatory diseases emerged. Interestingly, ferroptosis shares features with inflammation such as an altered iron metabolism and increased oxidative stress. Activation of inflammatory pathways upon infection modulates ferroptosis sensitivity of cells. Inflammation frequently is accompanied by hypoxia, which also affects the oxidative machinery and iron homeostasis and thus, must be considered as an additional link between ferroptosis and inflammation. In this review, we report recent findings on basic ferroptotic mechanisms linking them to inflammatory pathways, iron metabolism, and describe the role of ferroptosis under inflammatory conditions.
MECHANISMS OF FERROPTOSIS
Ferroptosis is an iron-dependent form of cell death occurring due to metabolic imbalances, which result in the extensive production of reactive oxygen species and increased lipid peroxide formation, thereby causing membrane damage and cell death. Lipid peroxidation of polyunsaturated fatty acids (PUFAs) is a hallmark of ferroptosis, which was shown to be prevented by respective inhibitors (Bannai et al., 1977; Zilka et al., 2017). During ferroptosis free-radical initiated fatty acid peroxidation as well as 12-lipoxygenase and/or 15-lipoxygenase (ALOX15) facilitated lipid peroxidation may add to membrane destruction. Besides its harmful capabilities, lipid peroxidation mediated by 15-lipoxygenase type B also affects biological processes such as cholesterol metabolism of human macrophages (Benatzy et al., 2024). Moreover, both lipoxygenases use PUFAs such as arachidonic acid, eicosapentaenoic or decosahexaenoic acid to produce specialized lipid mediators with roles in inflammation and wound healing (Zheng et al., 2020; Benatzy et al., 2022).
In a non-enzymatic manner hydroxyl and hydroperoxyl radicals are generated by the Fenton reaction, where free ferrous ions (Fe2+) catalyzes the decomposition of hydrogen peroxide (Fenton, 1894). Ferrous iron is highly reactive and is accessible for cellular usage in the labile iron pool (LIP). To overcome iron-mediated cytotoxicity, cells developed a well-orchestrated iron uptake, storage, and release system. In brief, iron is bound to transferrin and taken up into cells via internalization of the transferrin receptor (TfR) (Muckenthaler et al., 2017). Inside endosomes, iron is reduced from ferric to ferrous iron by the metalloreductase STEAP3 and released into the cytosol by the divalent metal transporter 1 (DMT1). Iron storage is mediated by ferritins, which oxidize Fe2+ to ferric iron (Fe3+) and sequester it. Release of iron from ferritins is achieved by nuclear receptor coactivator 4 (NCOA4) and increases the LIP and thus, sensitized cells towards ferroptosis (Fuhrmann et al., 2020). In turn, cellular export of iron by ferroportin (FPN) protects from ferroptosis (Namgaladze et al., 2022; Geng et al., 2018).
Because of chemical interactions between iron, oxygen, and polyunsaturated lipids, oxidative stress and ROS generation have to be well orchestrated to protect cells from damage. Therefore, defense mechanisms to limit lipid peroxidation are required (Stockwell, 2022). Glutathione peroxidase 4 (GPX4) is a selenoenzyme that directly detoxifies phospholipid hydroperoxides to lipid alcohols in membrane-bound phospholipid peroxides. GPX4 demands glutathione, a cysteine-containing tripeptide, as a cofactor (Ursini et al., 1985). Cells import cystine, the oxidized form of cysteine, through the XC− system consisting of solute carrier family 7 member 11 (SLC7A11) mediating cystine/glutamate antiporter activity and solute carrier family 3 member 2, which acts as a chaperone to stabilize the complex in the membrane (Koppula et al., 2021). Further defense mechanisms include ferroptosis suppressor protein 1 (FSP1), which converts phospholipid peroxyl radicals to phospholipid hydroperoxides using ubiquinone and FAD. Thereby FSP1 restricts propagation of lipid peroxidation (Bersuker et al., 2019; Doll et al., 2019). The basic mechanisms of ferroptosis are well reviewed and illustrated, e.g., in ((Berndt et al., 2024), (Stockwell, 2022), (Fuhrmann and Brüne, 2022), (Jiang et al., 2021)).
During the last decade, various inducers and inhibitors of ferroptosis were developed (Figure 1). Ferroptosis inducers are predominantly blocking defense mechanisms, such as the GPX4 inhibitor Ras-selective lethal small molecule 3 (RSL3) or erastin, which lowers cystine supply by inhibiting the XC− system. Most inhibitors of ferroptosis antagonize lipid peroxidation, for example, radical-trapping antioxidants, such as liproxstatin-1 and ferrostatin-1 or they reduce the LIP, acting as iron chelators like deferoxamine (Zilka et al., 2017).
[image: Figure 1]FIGURE 1 | Inflammatory pathways and ferroptosis During inflammation multiple signaling cascades are activated, e.g., the transcription factors nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), nuclear factor erythroid 2-related factor 2 (Nrf2), and hypoxia-inducible factor (HIF). NF-κB is activated by ras-selective lethal small molecule 3 (RSL3) and the ubiquitin-specific protease 24 (USP24), while erastin and dimethyl fumarate (DMF) block its activation. Activated NF-κB increases the transcription of long-chain-fatty-acid-CoA ligase 4 (ACSL4), which facilitates fatty acyl CoA (FA-CoA) synthesis and ferroptosis. Further, NF-kB blocks the expression of solute carrier family 7 member 11 (SLC7A11), with consequences for glutathione synthesis and glutathione peroxidase 4 (GPX4) activity, which abolishes lipid peroxidation. In contrast, Nrf2 increases GPX4 expression and thus, attenuates ferroptosis. HIF-1 enhances solute carrier family 1 member 1 (SLC1A1) expression, which indirectly supports GPX4 activity. Further, HIF-1 protects from ferroptosis by elevating glycolysis, expression of lactate dehydrogenase (LDH), and facilitating lactate production. HIF-2 acts pro-ferroptotic by increasing hypoxia-inducible lipid droplet-associated protein (HILPDA) and polyunsaturated fatty acid (PUFA) release, which in turn increases lipid peroxidation.
FERROPTOSIS AND INFLAMMATORY SIGNALING
Under inflammatory conditions multiple signaling cascades affect transcriptional patterns that facilitate cytokine and chemokine expression, modulate resolution of inflammation and regulate ferroptosis-associated pathways (reviewed in (Chen Y. et al., 2023)). While this review focusses on nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), hypoxia inducible factors (HIFs), and iron, other inflammatory mediators have been connected to ferroptosis as well. For example, tyrosine-protein kinase JAK (JAK)/signal transducer and activator of transcription (STAT) signaling, regulates the XC− system. Activation of JAK/STAT signaling by interferon γ decreased solute carrier family 3 member 2 and SLC7A11 expression, thereby facilitating ferroptosis of adrenocortical and hepatocellular carcinoma cells (Yu et al., 2022; Kong et al., 2021). In addition, interferon γ signals via interferon regulatory factors, which caused expression of SLC7A11 and GPX4, thereby protecting from ferroptosis (Liu et al., 2023). Also, aryl hydrocarbon receptor needs consideration, which regulates SLC7A11 (Kou et al., 2024). Pharmacological and genetic inhibition of aryl hydrocarbon receptor decreased SLC7A11 and sensitized human normal bronchial epithelial cells for erastin-induced ferroptosis. In the following chapters of this review we describe the complex interplay between NF-κB, HIF, iron, and ferroptosis.
IMPLICATIONS OF NF-ΚB FOR FERROPTOSIS
Ferroptosis plays a role in several physiological and pathophysiological processes such as tumor suppression or aging. Recent studies revealed that ferroptosis is also involved in inflammation. A hallmark regulator of inflammation is the transcription factor NF-κB. The transcription factor is activated by various stimuli such as pathogen antigens, cytokines or genotoxic stress (Perkins, 2007). The active homo- or heterodimeric NF-κB complex consists of p65, p50, and p52. These components are constantly expressed but kept inactive by binding to NF-κB inhibitor alpha (IκBα). To activate the transcriptional activity, IκBα is degraded upon phosphorylation by IκB kinase. Afterwards, NF-κB translocates to the nucleus and induces the expression of pro-inflammatory genes including cytokines and chemokines (Bonizzi and Karin, 2004). Recently, several studies explored how ferroptosis affects NF-κB signaling and whether NF-κB regulates ferroptosis susceptibility (Figure 1). Yao and coworkers show that the loss of leukemia inhibitory factor receptor in liver cancer activated NF-κB, which upregulates the iron-sequestering protein lipocalin-2 (LCN2), thereby decreasing ferroptosis sensitivity (Figure 2) (Yao et al., 2021). Vice versa, septic shock in mice is ameliorated by pretreatment with the ferroptosis inducer erastin. Mechanistically, erastin treatment of bone marrow-derived macrophages reduces phosphorylation of IκB kinase β and consequently phosphorylation and degradation of IκBα. This prevents nuclear translocation of NF-κB in lipopolysaccharide (LPS)-stimulated murine macrophages and decreases the production of inflammatory mediators such as nitric oxide, tumor necrosis factor-α, and interleukin-1β (Oh et al., 2019). In some analogy, the group of Li observed that GPX4 activation inhibits TNF-mediated activation of the NF-κB pathway in HEK293T cells (Li et al., 2018). In experiments with chronic cerebral hypoperfusion in mice, treatment with the multiple sclerosis drug dimethyl fumarate (DMF) decreases pro-inflammatory cytokines via the NF-κB pathway and mitigated oxidative stress in the hippocampus (Yan et al., 2021). In parallel, DMF treatment reduces the iron content, likely by elevating ferritin heavy chain (FTH) expression and increasing glutathione levels by enhancing cystine import via the system XC− in hippocampus, which potentially protects cells from ferroptosis and reduces hippocampal neuron injury (Figure 2). Inhibition of the NF-κB pathway by DMF is facilitated by activation of the antioxidative transcription factor nuclear factor erythroid 2-related factor 2 (Nrf2), which decreases ferroptosis sensitivity. Besides Nrf2, also Nrf1 protects from ferroptosis by upregulating GPX4. Activation of Nrf1 demands a cytosolic peptide:N-glycanase 1, which causes its deglycosylation (Forcina et al., 2022). In addition, Nrf1 sustains proteasomal activity and thereby protects from ferroptosis likely by preventing GPX4 hyper-ubiquitination (Kotschi et al., 2022). Further, interactions between ferroptosis and NF-κB were discovered in glioblastoma cells, where RSL3 activates NF-κB. Moreover, inhibition of NF-κB mitigates RSL3-induced ferroptosis (Li et al., 2021). To explore the impact of NF-κB in executing ferroptosis, GPX4 was silenced but an additional activation of the NF-κB pathway was necessary to effectively induce ferroptosis in glioblastoma cells. These studies indicate an important role of NF-κB in executing ferroptosis. In line, a recent study shows that upregulation of the ubiquitin-specific protease 24 (USP24) in myocardial cells activates the NF-κB pathway in diabetic cardiomyopathy (Wu et al., 2024). This activation decreases RNA expression of the ferroptosis suppressors SLC7A11 and FTH and increases expression of the ferroptosis promoter long-chain-fatty-acid-CoA ligase 4 (ACSL4), pointing to the involvement of NF-κB and hence ferroptosis in the pathogenesis of diabetic cardiomyopathy.
[image: Figure 2]FIGURE 2 | Iron, inflammation, and ferroptosis Transferrin (TF) bound iron (Fe) is internalized into the cell via transferrin receptor (TfR). In endosomes metalloreductase STEAP3 reduces iron (Fe3+ → Fe2+) followed by divalent metal transporter 1 (DMT1) mediated release into the cytosol, where it forms the labile iron pool (LIP). To avoid hydrogen peroxide (H2O2) mediated formation of hydroxyl radical (•OH) and conversion of phospholipid hydroperoxide (PLOOH) to phospholipid hydroperoxyl radicals (PLOO•), ferritin heavy chain (FTH) and mitochondrial ferritin (FTMT) oxidize and store iron. To release iron from ferritin, nuclear receptor coactivator 4 (NCOA4) marks FTH and FTMT for autophagosome-mediated degradation, which increases the LIP. The transfer of NCOA4 to the nucleus is inhibited by the stimulator of interferon genes (STING). Another way to sequester iron is via lipoclain 2 (LCN2), which is expressed dependent on forkhead box protein M1 (FOXM1) and nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB), while long non coding RNA Lcn2-204 inhibits LCN2 expression. LCN2 binds siderophore (yellow ring) bound iron and thereby reduces iron availability for pathogens. Export of iron from cells is facilitated by ferroportin (FPN) in close cooperation with ceruloplasmin (CP), which enables iron binding to TF and siderophores. FPN is regulated by hepcidin (HAMP), which is increased by neutrophil cytosolic factor 1 (NCF1) upon inflammatory stimuli. The ability to undergo ferroptosis can be modulated by exosomes, which transfer micro RNAs (miR) or mRNAs to target cells. Following their uptake miRs regulate the expression of solute carrier family 7 member 11 (SLC7A11) and 15-lipoxignase (ALOX15).
INTERACTIONS BETWEEN HYPOXIA INDUCIBLE FACTORS, INFLAMMATION, AND FERROPTOSIS
Inflammation is often accompanied by hypoxia, which arises when oxygen demands exceeds its supply (Taylor and Colgan, 2017). To ensure sufficient energy production, cells adapt to hypoxia by activating transcriptional regulators, known as HIFs. HIFs comprise two subunits, HIF-α and HIF-β. While HIF-β is constantly expressed, the HIF-α subunits are hydroxylated by prolyl hydroxylases and degraded under normoxic conditions. Under hypoxia, HIF-α is stabilized, translocates to the nucleus, dimerizes with the β-subunit, and facilitates target gene expression to modulate, e.g., cellular metabolism, angiogenesis, and erythropoiesis (Semenza et al., 1991; Semenza, 2012). Under inflammatory conditions, NF-κB activates hypoxic signaling even under normoxia by increasing the expression of HIF-1α and -1β (van Uden et al., 2008; van Uden et al., 2011). Further, accumulation of metabolites like succinate upon LPS stimulation add to the stabilization of HIF (Fuhrmann et al., 2018). Conversely, HIF-1 facilitated activation of NF-κB in neutrophils (Walmsley et al., 2005). This effect was confirmed in transgenic mice with a gain of HIF-1 function, which increased activation of the NF-κB pathway (Scortegagna et al., 2008). As inflammation and HIF-signaling are closely connected, the question remains whether HIF affects cellular sensitivity towards ferroptosis. Indeed, studies by Yang et al. observe ferroptosis-protecting effects upon HIF-1 activation (Yang et al., 2023). Mechanistically, HIF-1α enhances glycolysis and lactate dehydrogenase (LDH) expression (Figure 1). Thereby, lactate increases and protects the cells from ferroptosis in a pH-dependent manner. Moreover, HIF-1α increases the expression of the glutamate-transporter solute carrier family 1 member 1 (SLC1A1) that promotes cystine uptake and therefore ameliorates ferroptosis resistance. In line with these findings, the ferroptosis-protective effect of HIF-1α was confirmed in non-small cell lung cancer, where HIF-1α was upregulated as seen in many types of cancer. Silencing HIF-1α increases ROS and Fe2+ levels and decreases glutathione and GPX4. Furthermore, the absence of HIF-1α enhances cell death, which was partially prevented by the ferroptosis inhibitor ferrotstatin-1 (Zheng et al., 2023). In contrast, HIF activation was also observed to sensitize cells towards ferroptosis. Inhibition of HIF-α degradation increases ferroptosis sensitivity. Distinct inhibition of HIF-1α or HIF-2α reveals that HIF-2α induces genes, which are involved in lipid metabolism, contribute to excessive lipid peroxidation and therefore increase ferroptosis sensitivity (Su et al., 2023). The ferroptosis-sensitizing effect of HIF-2α was also observed in clear cell carcinomas, where HIF-2α selectively enriches polyunsaturated lipids via upregulation of the hypoxia-inducible lipid droplet-associated protein (HILPDA) (Zou et al., 2019). Summarizing these studies, HIF-1α is described to be ferroptosis-suppressive, while HIF-2α sensitizes cells towards ferroptosis. One of the major differences of HIF-2α compared to HIF-1α are increased protein levels upon long-term hypoxia (Holmquist-Mengelbier et al., 2006; Fuhrmann et al., 2015). Thus, under acute hypoxia, HIF-1α plays a more important role than HIF-2α, thereby contributing to decreased ferroptosis. Under chronic hypoxia, HIF-2α levels increase and provoke higher ferroptotic susceptibility.
Recapitulating, under acute inflammation and/or hypoxia NF-κB and HIF-1α activate each other. Predominantly, HIF-1α increases anti-oxidative pathways to enhance ferroptosis resistance. However, NF-κB facilitates ferroptosis-sensitizing effects. Depending on the cell type and stimulus, HIF-1α and NF-κB show either cooperative or contrary effects on ferroptosis susceptibility. This interdependent relationship might regulate the balance between cell survival and cell death in inflammation. However, under chronic hypoxia stabilization of HIF-2α shifts cellular metabolism to a pro-ferroptotic state, which potentially results in excessive tissue damage.
IRON, INFLAMMATION, AND FERROPTOSIS
Besides its crucial function for cellular integrity, iron represents a link between hypoxia, inflammation, and obviously ferroptosis. Both, hypoxia and inflammation induce an iron scavenging phenotype in macrophages upon their activation by extracellular stimuli, e.g., by inducing or resolving inflammation. Under inflammatory conditions, macrophages reduce blood iron levels to limit the availability of this factor for pathogens (Marques et al., 2022). Inflammatory macrophages sequester iron by increasing iron storage via ferritin and decrease FPN-mediated iron export, while alternatively activated macrophages release iron by elevating the amount of FPN and LCN2 (Jung et al., 2015). In patients with rheumatoid arthritis M2 like macrophages show higher lipid peroxidation and ferroptosis compared to M1 macrophages, which were likely protected by their increased ability to store iron (Liu et al., 2024). Blocking ferroptosis by liproxstatin-1 increases anti-inflammatory M2 macrophage populations and alleviates arthritis progression in mice.
To remove iron during infection, macrophages increase their TfR to facilitate iron uptake. Besides TfR, macrophages and neutrophils express LCN2, which binds to bacteria-derived siderophores and therefore limits iron availability for pathogens by scavenging siderophore-bound iron (Figure 2) (Jung et al., 2017). Under septic conditions, neutrophil-derived LCN2 induces ferroptosis in cardiomyocytes by increasing the labile iron pool and lipid peroxidation (Huang et al., 2022). In part, the long non-coding RNA Lcn2-204 is responsible for ferroptosis in cardiomyocytes in sepsis. Silencing Lcn2-204 reduces LCN2 expression as well as iron overload and provokes a cardioprotective and anti-ferroptotic effect (Huang et al., 2024). Based on a machine learning approach, LCN2 is considered as biomarker for sepsis-induced acute respiratory distress syndrome (Zhan et al., 2024). In ulcerative colitis, LCN2 expression correlates to elevated lipid peroxidation and decreased GPX4 expression (Deng et al., 2023). Silencing LCN2 in this model suppresses ferroptosis. In contrast to inflammatory conditions, LCN2 protects renal and colorectal tumor cells from ferroptosis by decreasing intracellular iron levels and increasing GPX4 expression as well as causing Nrf2 activation (Chaudhary et al., 2021; Meier et al., 2021). Furthermore, silencing LCN2 sensitizes T-cell acute lymphoblastic leukemia cells to RSL3-mediated ferroptosis (Tian et al., 2023). Expression of LCN2 in endometrial cancer is facilitated by forkhead box protein M1 (FOXM1) (Jiang et al., 2023). Therefore, silencing FOXM1 decreases LCN2 and increases ferroptosis, which is eliminated by LCN2 overexpression. In breast cancer cells, a knockout of LCN2 increases the sensitivity towards cisplatin and stimulates ferroptotic cell death (Valashedi et al., 2022). These studies underscore an ambivalent role of LCN2, which protects cancer cells from ferroptosis, while it acts pro-ferroptotic under inflammatory conditions.
In the blood, most iron is bound to transferrin and is endocytosed upon binding to the transferrin receptor. After internalization, iron is reduced to Fe2+ by the metalloreductase STEAP3 and released from endosomes via DMT1. Under inflammatory conditions, iron uptake increases in conjunction with an attenuated release, due to a lower FPN surface expression as a result of hepcidin (HAMP) evoked degradation of the iron exporter (Nemeth and Ganz, 2021). Substantial amounts of HAMP are produced in the liver but also monocytes and macrophages release small quantities to regulate their own FPN expression. These mechanisms favor intracellular iron accumulation and uncontrolled iron-mediated production of reactive oxygen species and potentially, lipid peroxidation. To opt out, macrophages developed efficient iron storage systems. Ferritins increase under inflammatory and hypoxic conditions and can be considered as acute phase proteins during inflammation (Marques et al., 2022). Ferritins oxidize free iron and store it in spheres built of ferritin light chain, FTH, or mitochondrial ferritin (FTMT). FTMT shares high sequence homology with FTH but contains a mitochondrial target sequence, which is removed in macrophages by thrombin-mediated cleavage under hypoxic or oxidative stress, including LPS treatment. Thereby cells increase their ability to scavenge iron and protect themselves from lipid peroxidation (Fuhrmann et al., 2023), a mechanism operating in macrophages to circumvent ferroptosis. Experiments in human macrophages show that the sensitivity towards RSL3-mediated ferroptosis increases after the knockdown of FTH and/or FTMT (Fuhrmann et al., 2020). In this setting, hypoxia decreases NCOA4 expression, which reduces lysosomal degradation of ferritin, a process termed ferritinophagy. Thereby, the release of iron into the labile iron pool was diminished and consequently, protection against ferroptosis increased. A higher rate of ferritinophagy, going in line with enhanced lipid peroxidation and ferroptosis, was evident in a house dust mites-induced asthma model (Zeng et al., 2022). Mice exposed to house dust mites show increased signs of inflammation, which decrease in the presence of deferoxamine and ferrostatin-1. Mechanistically, increased NCOA4 expression goes in line with enhanced free iron, lipid peroxidation, and ferroptosis. Conclusively, ferroptosis of airway cells induces inflammation in mice, which implies that ferroptosis can either result in or be a result of inflammation as seen in another model of acute LPS-induced lung inflammation which induces ferroptosis. In this setting, meteorin-like/meteorin-β protected from ferroptosis by inhibiting p53 and increasing SLC7A11 expression (Chen Z. et al., 2023). Ferritinophagy is also connected to sepsis, where NCOA4-mediated ferroptosis contributes to disease severity by increasing inflammation. Mechanistically, stimulator of interferon genes (STING) blocks nuclear translocation of NCOA4, which facilitates ferritinophagy, iron release, and lipid peroxidation (Wu et al., 2022). Sepsis is often accompanied by cardiac dysfunction caused by the inflammatory response. Ferrostatin-1 suppresses lipid peroxidation and ferroptosis upon LPS-induced cardiac inflammation in rats and improves sepsis-induced cardiac dysfunction (Xiao et al., 2021). Underlining the pivotal role of STING under inflammatory conditions, STING promotes hepatic iron accumulation in mice suffering from autoimmune hepatitis (Zhao et al., 2024). Besides increasing ferritinophagy, STING regulates iron release as shown by a liver-specific knockdown of STING. In this setting STING ameliorates iron accumulation and oxidative stress induced by increased expression of neutrophil cytosolic factor 1 (NCF1), which promotes HAMP expression in liver cells (Zhang et al., 2024). HAMP indirectly, by degrading FPN, provokes an iron overload in Kupffer cells, with consequences for ferroptosis, inflammation, and metabolic dysfunction-associated steatohepatitis (MASH). Another example for the interaction of macrophages with their environment was found in a tumor context, where macrophages invade the tumor and are polarized to tumor-associated macrophages. Apparently, tumor-associated macrophages protect tumor cells from RSL3-mediated ferroptosis (Schwantes et al., 2024) because these macrophages release extracellular vesicles containing ceruloplasmin mRNA. Once taken up by tumor cells, the mRNA is translated into ceruloplasmin protein, which supports iron export with lower rated of lipid peroxidation and ferroptosis. Moreover, tumor-associated macrophages protect tumor cells by an IL-13/IL-4-mediated increase of miR-660-5p, which was packed into exosomes and transferred to tumor cells (Luo et al., 2023). MiR-660-5p blocks ALOX15 expression and reduces lipid peroxidation in tumor cells, which attenuates ferroptosis. In contrast to tumor-associated macrophages, adipose tissue macrophages release exosomes containing miR-140-5p, which reduces SLC7A11 expression (Zhao et al., 2022). A lower amount of SLC7A11 enhances lipid peroxidation and mitochondrial dysfunction by decreasing cystine import and consequently, glutathione synthesis.
Taken together, iron metabolism links inflammation and ferroptosis. Inflammatory conditions alter cellular iron homeostasis and thereby their ferroptotic susceptibility. The other way round, ferroptosis supports inflammation by recruiting and activating immune cells.
CONCLUSION
During the last decade, ferroptosis gained attention in basic and applied sciences, being connected with various disease conditions. Ferroptosis as of now emerges as a therapeutic target but whether it has to be induced or inhibited strongly depends on the context. To generalize, induction of ferroptosis appears favorable in cancer, while its inhibition attenuates severe inflammation. Under inflammatory conditions, ferroptotic cells evoke immune responses including cytokine production and immune cell attraction. Unfortunately, which immune cells are sensitive to ferroptosis and to which extent is still under debate. Further, the role of ferroptosis inducers, e.g., erastin or RSL3 in inflammation appears to be ambivalent, which may point to off-target effects. While RSL3 promotes NF-κB signaling, erastin rather causes it inhibition. In the future, analyzing the interplay between lipid peroxidation, ferroptosis, and inflammation will increase our understanding of basic signaling principles. While ferroptosis can easily be studied in cell culture, only a few studies have demonstrated an essential role in humans or mice. Therefore, the impact of ferroptosis towards the cross-communication of immune cells with parenchymal cells needs careful evaluation for its in vivo relevance. Still, it is hoped that acquired knowledge may open avenues that help to direct ferroptosis under various disease conditions in either promoting or attenuating this from of cell demise.
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Background: Acute lung injury (ALI) and acute respiratory distress syndrome (ARDS) are important causes of morbidity and mortality in critically ill patients. Gastric contents aspiration is one of the most common causes of ALI/ARDS. To date, there are still no specific and effective pharmacological treatments for ALI/ARDS. Polyvinylalcohol-carbazate (PVAC), a polymer that can bind endogenous aldehydes, neutralize oxidative stress and inhibit inflammatory factors, may be a potential treatment for ALI/ARDS.Methods: A hydrochloric acid (HCl) induced mouse model was employed to assess the effect of PVAC. The changes of lung mechanics, pulmonary edema, histology and immune cells, cytokines, and lipid mediators in bronchioalveolar lavage fluid (BALF) were investigated in HCl-challenged mice.Results: In the HCl model, PVAC administration alleviated airway hyperresponsiveness and improved pulmonary edema and damage. In addition, it decreased the recruitment of neutrophils to the lung, and inhibited the increase of IL-6, TNF-α and leukotriene B4.Conclusion: These data indicates that PVAC is a potential candidate for the treatment of ALI/ARDS induced by aspiration of gastric acid or for the control of “asthma-like” symptoms in patients with gastroesophageal reflux.Keywords: acute respiratory distress syndrome, aspiration pneumonia, oxidative stress, pharmacological treatment, intranasal administration
1 INTRODUCTION
Acute lung injury (ALI) and its more severe form, acute respiratory distress syndrome (ARDS), are common causes of morbidity and mortality in critically ill patients. The incidence of ARDS ranges from 4 to 75 cases per 100,000 people per year and the mortality from 40% to 50% (Villar et al., 2016). The main pathophysiological mechanisms of ALI/ARDS include increased vascular permeability, cytokine overproduction, leukocyte recruitment, and surfactant dysfunction (Meyer et al., 2021). At present, there is no specific drug for ARDS, so it is of great significance to develop more potential drugs for the treatment of ALI/ARDS.
Gastric contents aspiration is one of the most common causes of ALI/ARDS (Kaku et al., 2020). Aspiration occurs silently but very common in critically ill patients (Metheny et al., 2006). Inhaled substances may include food particles, stomach acid/hydrochloric acid (HCl), blood, or bacteria. Among them, HCl has the greatest effect on lung injury. About one-third of patients with aspiration pneumonia will develop a more severe and prolonged course associated with ALI/ARDS (Raghavendran et al., 2011). The pathogenic mechanisms of HCl-induced ALI/ARDS has shown to relate to reduced levels of anti-oxidating enzymes along with increased levels of lipid peroxidation in lung tissues indicating enhanced oxidative stress (El-Shahat et al., 2021), However, there are no effective pharmacological treatments for ALI/ARDS.
Polyvinylalcohol-carbazate (PVAC) is a highly soluble polymer in aqueous solution (Figure 1), known for its capacity to bind endogenous aldehydes and neutralize oxidative stress (Sellberg et al., 2019). Studies have demonstrated that PVAC gel inhibits inflammation in osteoarthritis joints by quenching reactive oxygen species and lipid peroxidation products such as 4-hydroxynonenal (Fredriksson et al., 2017). Given these properties, it is of interest for investigating whether PVAC can inhibit ALI triggered by oxidative stress. Therefore, our study aimed to evaluate the efficacy of intranasal administration of PVAC in ALI/ARDS animal models induced by HCl.
[image: Figure 1]FIGURE 1 | Synthesis of PVAC. PVAC is synthesized starting from polyvinyl alcohol (PVA). Activation of the hydroxyl group with carbonyl diimidazole (CDI) in DMSO renders a carbamate intermediate that upon treatment with hydrazine hydrate gives the product polyvinylalcohol-carbazate (PVAC). The degree of substitution of carbazate groups is 0.4.
2 MATERIALS AND METHODS
2.1 Ethical permission
All animal experiments were approved by the Stockholm ethics committee (the permit number:10,712-2020). Animals were housed at Astrid Fagraeus laboratory (KM-F) with 12-h dark/light cycle and had free access to food and water. All the in vivo experiments were performed at KM-F after at least 1 week of acclimatization.
2.2 HCl-induced ALI/ARDS mouse model and drug treatment
Male C57BL/6J mice (approximately 25 g, 8–12 weeks old) were ordered from Envigo (Horst, Netherlands). The mice were housed in a biosafety level 1 laboratory at Astrid Fagraeus Laboratory, Karolinska Institutet. Thirty minutes after intranasal administration of PVAC (3 mg/kg), the mice were instilled intratracheally with HCl (pH 1.5; 40 µL). Three hours post HCl exposure, the airway responses to methacholine were assessed followed by bronchoalveolar lavage and sample collections. The left lungs were fixed in 4% formaldehyde and right lungs were snap-frozen for further studies.
The dose rationale for PVAC is based on safety parameters, including molecular behavior and toxicological outcomes (unpublished and proprietary data with permission by T. Bowden and T. Engstrand, PVAC Medical Technologies LTD.). Higher concentrations of PVAC, a polymer, can increase viscosity and cause aggregation. In vitro and preclinical studies set the upper concentration limit, with the current study using 3 mg/mL, which is below this limit. Safety studies showed that both rats and rabbits tolerated lower doses of PVAC, but higher doses led to granular material deposition in phagocytic cells. The current study used a dose below the no-observed-adverse-effect-level (NOAEL), with no such depositions observed in the lungs of treated animals.
2.3 Airway responsiveness test
Mice were anesthetized with ketamine hydrochloride (75 mg/kg, Ketaminol® Vet., Intervet, Stockholm, Sweden) and medetomidine hydrochloride (1 mg/kg, Cepetor®Vet., VETMEDIC, Stockholm, Sweden). An 18-gauge blunt metal cannula was inserted into the trachea and secured in place with a nylon suture. Animals were placed on a heating pad and connected to the flexiVent system (flexiVent FX4, SCIREQ Inc., Montreal, Qc, Canada), where airway responses to methacholine (MCh) (1.56 mg/mL to 12.5 mg/mL) were assessed.
2.4 Wet to dry weight ratio
The left lungs were harvested and weighed to obtain the wet weight. The lungs were then placed into a drying oven at 80°C for 24 h to obtain the dry weight. The wet to dry weight ratio was calculated to evaluate the degree of lung edema (Wet to dry ratio = wet weight/dry weight).
2.5 Bronchoalveolar lavage
Bronchoalveolar lavage was performed directly after lung function measurements. 0.8 mL cold PBS was gently lavaged twice in the lung. The bronchoalveolar lavage fluid (BALF) was centrifuged at +4°C, 1,000 rpm, for 10 min and the supernatant was stored at −80°C until use. Total cell number was counted using Turk staining under microscope and expressed as cells·ml−1 BALF. Differential cell counts were performed on May-Grünwald/Giemsa stained cytospins, counting a minimum of 300 cells, in a blinded manner.
2.6 H&E histological staining
Hematoxylin and eosin (H&E) staining of paraffin-embedded lung tissue sections were performed to evaluate the lung damage. Lung tissues were fixed with 4% formalin for 24 h, embedded in paraffin, and sectioned at 5-μm thickness. After deparaffinization and dehydration, sections were stained with H&E and were photographed using a light microscope (Nikon Eclipse TS100) equipped with a camera (DS-Fi1; Nikon) and software (NIS-Elements F3.0). Lung injury was scored by assessing the degree of inflammatory cell infiltration, hemorrhage, interstitial and alveolar edema and thickness of the alveolar septum in five randomly selected fields under a light microscope from 0-4 (0: No damage, 1: Mild damage, 2: moderate damage, 3: severe damage and 4: highly severe histological damage).
2.7 ELISA
Enzyme-linked immunosorbent assay (ELISA) was used for determining the protein concentrations of mouse IL-6 (M6000B, R&D Systems), TNF-α (RAB0477, Sigma Aldrich), and Myeloperoxidase (MPO) (RAB0374, Sigma Aldrich). The ELISAs were performed according to the manufacturers’ protocols. Absorbance values were detected at 450 nm using a microplate reader and concentrations were calculated according to the standard curves plotted.
2.8 Lipid mediator characterizations
Lipid mediators were extracted and analyzed by following a previously published method (Kolmert et al., 2018). Briefly, 800 µL of BALF were added with an internal standard solution, diluted to 1.5 mL with a solution consisting of 0.2 M Na2HPO4/0.1 M citric acid (58/42 v/v, pH 5.6), and extracted on preconditioned ABN Evolute Express solid-phase extraction cartridges (3cc/60 mg, Biotage, Uppsala, Sweden). A total of 110 lipid mediators were quantified by liquid chromatography coupled to tandem mass spectrometry (LC-MS/MS) on an Acquity UPLC coupled to a Xevo TQ-XS mass spectrometer (Waters, Milford, MA, USA).
2.9 Statistical analysis
The experimental results were analyzed using Graphpad Prism 9.0 statistical software (GraphPad, USA). Data were presented as mean ± SEM. Two-group data were analyzed by unpaired t-test, and multiple-group data were analyzed by one-way or two-way ANOVA. Sidak’s multiple comparisons test was used for pairwise comparisons in the analysis of variance. P-value <0.05 was considered statistically significant.
3 RESULTS
3.1 PVAC improves lung function in HCl mice
To assess airway responsiveness, HCl-challenged mice were connected to the flexiVent system and exposed to increasing concentrations of methacholine (MCh) aerosol. Several parameters were recorded, including the total resistance (Rrs) and elastance (Ers) of the respiratory system, as well as the resistance in the conducting airways (Newtonian resistance; Rn), peripheral lung tissue damping (G), and peripheral tissue elastance (H).
When comparing the saline group and the saline + PVAC group, no significant differences were found in Rrs, Ers, Rn, G, and H (p > 0.05) (Figure 2), whereas HCl-challenged caused an increase of these parameters at 6.25 and 12.5 mg/mL MCh (p < 0.05). Pretreatment with PVAC dampened the increase induced by HCl in all parameters (p < 0.05).
[image: Figure 2]FIGURE 2 | Airway responsiveness to Methacholine in HCl-induced ALI/ARDS mice. The AHR was measured with a small animal ventilator (flexiVent; Scireq), as previously described. Resistance of the respiratory system (Rrs), elastance of the respiratory system (Ers), Newtonian Resistance (Rn), tissue damping (G) and tissue elastance (H) were recorded. The results were expressed as mean ± SEM (n = 4–5). saline: animals exposed to saline and received saline pretreatment. saline + PVAC: animals exposed to saline and received PVAC pretreatment. HCl: animals exposed to HCl and received saline pretreatment. HCl + PVAC: animals exposed to HCl and received PVAC pretreatment. *P< 0.05, ****P< 0.0001 vs respective saline, §P< 0.05, §§§P< 0.001, and §§§§P< 0.0001 vs respective HCl + PVAC.
3.2 PVAC improves lung edema and lung damage in HCl mice
Examining whether PVAC affected pulmonary edema, the calculation of the wet to dry weight ratio of the left lung tissue showed that HCl exposure significantly had a significantly higher ratio than the control group (P< 0.01), whereas PVAC pretreatment significantly reduced HCl-induced pulmonary edema (P< 0.01) (Figures 3A–C).
[image: Figure 3]FIGURE 3 | HCl-induced lung edema and histological changes in lung tissues. Left lungs were harvested. Some of them were weighed and dried in 80°C oven for 24h to obtain the dry weight. Wet to dry weight ratio was calculated as wet weight/dry weight. The other left lungs were fixed, embedded in paraffin and cut into 5 μm slices. After H&E staining, histological examination was performed by light microscopy and assessed based on the lung injury score. (A) Wet weight of left lung (n = 3-4). (B) Dry weight of left lung (n = 3-4). (C) Wet to dry weight ratio of left lung (n = 3-4). (D) lung injuty score (n = 5-6). (E) Representative images of H&E-stained lung sections from HCl-challenged mice with and without PVAC pretreatment (bar scale: 50μm and 20 μm). The results were expressed as mean ± SEM. saline: animals exposed to saline and received saline pretreatment. saline + PVAC: animals exposed to saline and received PVAC pretreatment. HCl: animals exposed to HCl and received saline pretreatment. HCl + PVAC: animals exposed to HCl and received PVAC pretreatment. **P< 0.01, ***P< 0.001, and ****p < 0 .0001.
Lung damage was assessed using H&E-stained slides. Compared to control mice (saline), no histological changes were observed in the lung specimens of saline and PVAC-treated mice (Figure 3D). However, HCl exposure induced massive neutrophil infiltration around the pulmonary vascular and interstitial spaces, marked swelling of the alveolar walls, severe hemorrhage, and significant damage to the alveolar structure (Figure 3E). The lung injury score of the HCl + PVAC group was significantly lower than that of the HCl group (p < 0.01), but still higher than that of the control group (p < 0.001) (Figure 3D).
3.3 PVAC alleviates inflammation in BALF from HCl mice
To examine inflammation, an analysis of inflammatory cells in bronchoalveolar lavage fluid (BALF) was conducted. Exposure to HCl significantly increased the total number of cells, neutrophils, and macrophages compared to the saline group (p < 0.05) (Figures 4A–C). PVAC treatment significantly reduced the number of neutrophils in the BALF of HCl-challenged mice (p < 0.05) (Figure 4B), while the total number of cells and macrophages were not significantly altered. Moreover, HCl significantly increased the total protein levels in BALF (Figure 4D), suggesting that HCl could cause vascular leakage. However, there was no significant change in protein content in BALF in the HCl + PVAC group compared to the HCl group.
[image: Figure 4]FIGURE 4 | Leukocytes, total protein levels and cytokine levels measured in the BALF of HCl-induced ALI/ARDS mice. (A) The number of total cells in the BALF. (B) The number of neutrophils in the BALF. (C) The number of macrophages in the BALF. (D) Total protein levels in the BALF. (E) Representative images of May-Grünwald/Giemsa-stained cytospin slides from HCl-challenged mice with and without PVAC pretreatment (bar scale: 20 μm). (F) IL-6 levels in the BALF. (G) TNF-a level in the BALF. (H) MPO level in the BALF. The results were expressed as mean ± SEM(n = 5-7). saline: animals exposed to saline and received saline pretreatment. saline + PVAC: animals exposed to saline and received PVAC pretreatment. HCl: animals exposed to HCl and received saline pretreatment. HCl + PVAC: animals exposed to HCl and received PVAC pretreatment. *P< 0.05, **P< 0.01, and ***P< 0.001.
As neutrophils is one major important leukocyte in ALI/ARDS (Meyer et al., 2021), the levels of IL-6 and TNF-α associated with neutrophil infiltration and vascular permeability, and MPO as an indicator of neutrophil infiltration were measured in the BALF. Compared with the control group, HCl significantly increased the level of IL-6 in BALF (Figure 4G), whereas TNF-α increased slightly but did not reach statistical significance (Figure 4H). PVAC pretreatment significantly decreased the level of IL-6 in BALF of HCl-challenged mice and the level of TNF-α was also decreased but did not reach statistical significance. For MPO, HCl treatment resulted in a significant increase in MPO activity in BALF which was inhibited by PVAC.
3.4 PVAC modulates lipid mediators in HCl mice
Bioactive lipid mediators are involved in a wide range of physiological and pathological processes, particularly in inflammatory responses (Stables and Gilroy, 2011; Serhan et al., 2014). To investigate the response of lipid mediators in BALF to HCl stimulation and the effect of PVAC on lipid mediators, a broad range of pro- and anti-inflammatory lipid mediators was quantified using LC-MS/MS. HCl treatment increased 42 out of 110 measured lipid mediators, of which 13 were significant. Compared with the control group, HCl caused a significant increase (P< 0.05) of prostaglandin (PG) E1, PGE2, 13,14-dihydro-15-keto-PGE2, leukotriene B4 (LTB4), PGF2α, 19,20-dihydroxy-docosapentaenoic acid (19(20)-DiHDPA), 12-hydroxy-heptadecatrienoic acid (12-HHTrE), 9-hydroxy-octadecatrienoic acid (HOTrE), 13-HOTrE, 9- hydroxy-octadecadienoic acid (HODE), 13-HODE, 14,15-dihydroxy-eicosatrienoic acid (14,15-DiHETrE), 11-hydroxy-eicosatetraenoic acid (HETE), 20-HETE. Compared with HCl, PVAC could significantly reduce PGE1 (P<0.05), 13,14-dihydro-15-keto-PGE2 (P< 0.05) and LTB4 (P< 0.05) (Figures 5B, D, E).
[image: Figure 5]FIGURE 5 | Lipid mediators measured in the BALF of HCl-induced ALI/ARDS mice. A broad of pro- and anti-inflammatory lipid mediators were detected using LC-MS/MS method. (A) Heat map. 1 (white) indicates concentrations are between the lowest and first tertile, 2 (light red) between the first and second tertile, and 3 (thick red) between the second tertile and maximum concentration; (B) PGE1, prostaglandin E1; (C) PGE2, prostaglandin E2; (D) 13,14-dihydro-15-keto-PGE2, 13,14-dihydro-15-keto prostaglandin E2; (E) LTB4, leukotriene B4; (F) PGF2α, prostaglandin F2α; (G) 19,20-DiHDPA, 19,20-dihydroxy-docosapentaenoic acid; (H) 12-HHTrE, 12-hydroxyheptadecatrienoic acid; (I) 9-HOTrE, 9-hydroxyoctadecatrienoic acid; (J) 13-HOTrE, 13-hydroxyoctadecatrienoic acid; (K) 9-HODE, 9-hydroxyoctadecadienoic acid; (L) 13-HODE, 13-hydroxyoctadecadienoic acid; (M) 14,15-DiHETrE, 14,15-dihydroxyeicosatrienoate; (N) 11) -HETE,11-hydroxyeicosatetraenoic acid; (O) 20-HETE, 20-hydroxyeicosatetraenoic acid. Results were presented as mean ± SEM (n = 5–6). control: saline and saline + PVAC, HCl: HCl treatment, HCl + PVAC: PVAC pretreatment + HCl treatment. Statistical comparisons between groups were performed using one-way ANOVA, *P< 0.05, **P< 0.01, and ***P< 0.001.
4 DISCUSSION
To our knowledge, this is the first study to evaluate the effect for airway exposure of PVAC. This was assessed on ALI/ARDS animal models. The study revealed the prophylactic effect of PVAC in HCl-induced ALI/ARDS mice. No adverse effects were observed in C57BL/6J mice treated with PVAC, suggesting the safety of PVAC in respiratory diseases. Moreover, pre-treatment of PVAC significantly (i) reduced HCl-induced airway hyperresponsiveness and (ii) improved HCl-induced pulmonary edema and lung histopathological damage. These effects may be achieved by inhibiting pro-inflammatory cytokines such as IL-6 and TNF-α, and lipid mediators such as LTB4, thereby reducing neutrophil infiltration and vascular permeability.
Airway hyperresponsiveness is defined as an exaggerated and accelerated constriction of the airway to various stimuli that does not elicit a comparable response in healthy subjects. Consistent with Gilman and colleagues’ findings, inhalation of HCl was observed to induce airway hyperresponsiveness in mice (Allen et al., 1985). In the clinic, studies have shown that patients with gastroesophageal reflux suffer airway hyperresponsiveness and “asthma-like” symptoms (Paoletti et al., 2021). There are several possible mechanisms for this such as 1) the barrier disruption caused by HCl facilitates the egress of MCh from the airway lumen to the underlying smooth muscle, resulting in airway hyperresponsiveness, 2) edema within and around the airways that reduces the airway lumen, and 3) elevated cytokines caused by HCl, such as TNF-α, induce calcium influx into airway smooth muscle cells and lead to smooth muscle contraction (Spond et al., 2004). Our study has demonstrated that PVAC can reduce airway hyperresponsiveness in HCl-challenged mice, and a possible mechanism is that PVAC reduces the airway smooth muscle contraction by inhibiting the calcium influx mediated by cytokines such as TNF-α. Moreover, it is possible that PVAC could have important clinical implications for patients with gastroesophageal reflux.
Infiltration and accumulation of leukocytes, especially neutrophils and macrophages in the interstitial and alveolar spaces of the lung, is one of the most important pathological hallmarks of ALI/ARDS (Matthay et al., 2012; Abraham, 2003). Although rapid and appropriate influx of neutrophils from the circulation into the lung is essential for clearance of microbial pathogens and debris from the alveolar space, excessive and persistent sequestration of neutrophils may cause additional damage to the lungs, by releasing several toxic mediators, including proinflammatory cytokines and procoagulant molecules, thereby exacerbating ALI (Abraham, 2003; Bhattacharya and Matthay, 2013). It has been reported that neutrophils in the BALF of ARDS patients is closely related to disease severity and poor prognosis (Abraham, 2003). In our study, a significant enhanced neutrophil and macrophage infiltration in BALF were observed in HCl mice. No effects on eosinophils were found suggesting that the effect mainly is TH1-driven. PVAC pretreatment significantly attenuated HCl-induced neutrophil influx into the lungs without an effect on the macrophages. This selective effect on neutrophils may be due to inhibition of LTB4 (discussed below). The HCl-induced increase of MPO also indicates neutrophil engagement, a result further corroborated by the results that PVAC also inhibited MPO activity. Edema and protein extravasation are considered indicators of vascular leakage. The wet to dry ratio of left lung tissue and total protein content in the BALF were measured to evaluate the degree of edema and protein leakage. The significantly elevated wet-dry ratio of left lung tissue and total protein content in the BALF were observed in HCl-challenged mice, suggesting HCl increases the pulmonary capillary permeability. However, it can be alleviated by PVAC. These results suggest that PVAC attenuated neutrophil influx and vascular leakage in HCl-challenged mice, thereby ameliorating lung pathology.
IL-6, as a multifunctional cytokine, plays an important role in acute inflammatory responses. Sustained elevation of IL-6 in plasma and BALF in ARDS patients has been shown to be inversely associated with disease outcome and patient survival (Meduri et al., 1995; Casey et al., 1993). Christian et al. confirms that IL-6 mediates neutrophil infiltration and pulmonary edema (Hierholzer et al., 1998). Similar to IL-6, TNF-α, mainly secreted by macrophages, is also involved in the acute inflammatory responses. In vivo and in vitro experiments have demonstrated that TNF-α increases alveolar capillary wall permeability under pathological conditions (Stephens et al., 1988), causing pulmonary edema. Therefore, we assessed the levels of IL-6 and TNF-α in BALF. It was found that IL-6 was significantly increased in the BALF of HCl mice, and TNF- α was also increased but did not reach statistical significance. Speculating, this result may indicate that TNF-α is involved, which also has been shown previously in a similar model of HCl-induced lung injury (Bastarache and Blackwell, 2009). Decreased IL-6 and TNF-α in BALF were observed in PVAC-treated, HCl-challenged mice. Therefore, PVAC may reduce HCl-induced vascular leakage and neutrophil infiltration by inhibiting IL-6 and TNF-α signaling axis, thereby improving pulmonary edema and lung pathological damage. IL-6 and TNF-α have been confirmed to be critical cytokines in the pathogenesis of COVID-19 (Ye et al., 2020), and their levels are correlated with the severity and prognosis of COVID-19. Inhibition of “cytokine storm” has been recognized as an important strategy for the treatment of severe COVID-19. Therefore, PVAC is a potential candidate for the SARS-CoV-2 treatment.
LTB4 is known to be one of the most potent neutrophil chemotactic agents and plays an important role in host defense against infection by interacting with its high-affinity receptor BLT1 (He et al., 2020). Our study found that HCl caused a significant increase of LTB4 levels in the BALF, which further corroborated by the results that HCl induced neutrophils influx. PVAC was observed to significantly reduce LTB4 levels in the BALF of HCl-challenged mice. As PVAC is a potent nucleophilic polymer it can interact with electrophilic molecules (Liu, 2013). The PVAC mode of action is most likely the interaction and inhibition of electrophilic entities in the inflammatory cascade such as hydrogen peroxide, aldehydes and LTA4 (a LTB4 precursor). Therefore, PVAC possibly ameliorated lung injury by inhibiting the LTB4-driven neutrophil infiltration in the lungs of HCl mice. Targeted lipidomic analysis of BALF was performed by LC-MS/MS in 25 healthy controls and 33 COVID-19 patients requiring mechanical ventilation. The study found that fatty acids and inflammatory lipid mediators were increased in the BALF of severe COVID-19 patients. Thromboxane, prostaglandins, leukotrienes (especially LTB4 and LTE4) were significantly increased. Monohydroxylated 15-lipoxygenase metabolites from linoleic, arachidonic, eicosapentaenoic, and docosahexaenoic acids were increased, too. This indicates that the “lipid mediator storm” that occurs in severe COVID-19 involves both pro- and anti-inflammatory lipids (Archambault et al., 2021). Therefore, PVAC is expected to improve the condition of COVID-19 patients by inhibiting the “lipid mediator storm”.
This study also has limitations. 1) Human aspiration of gastric fluid is not simply inhalation of HCl, but rather the more complex gastric contents, which include particulate matter, bacterial products, and suspensions of cytokines. Thus, whether PVAC can be used for the treatment of ALI/ARDS caused by acidic substances in humans remains to be further studied. 2) Only the preventive effects of PVAC were investigated. These experiments are the first to study the effect of PVAC on inflammatory challenge in the lung. However, the marked effect of PVAC indicates a potential for promising future studies studying the effect during different time points and therapeutic properties. 3) The mechanisms of action for PVAC are not fully understood. Investigations into how the effect of PVAC is related to oxidative stress will be investigated in future studies.
5 CONCLUSION
This study shows that administration of PVAC may improve airway hyperresponsiveness, pulmonary edema and pulmonary pathological changes in HCl-induced ALI/ARDS model by reducing the levels of pro-inflammatory cytokines, lipid mediators, and the accumulation of neutrophils in the lungs, making PVAC a potential candidate for the treatment of ALI/ARDS induced by aspiration of gastric acid or for the control of “asthma-like” symptoms in patients with gastroesophageal reflux.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The animal study was approved by Stockholm ethics committee (the permit number:10,712-2020). The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
CD: Conceptualization, Data curation, Formal Analysis, Investigation, Methodology, Writing–original draft, Writing–review and editing. JL: Investigation, Methodology, Writing–review and editing. AQ: Data curation, Formal Analysis, Investigation, Methodology, Supervision, Writing–review and editing. XJ: Investigation, Methodology, Writing–review and editing. MN: Investigation, Methodology, Writing–review and editing. CW: Methodology, Project administration, Resources, Supervision, Writing–review and editing. BM: Methodology, Project administration, Resources, Writing–review and editing. JC: Methodology, Project administration, Resources, Writing–review and editing. TB: Conceptualization, Project administration, Resources, Writing–review and editing. TE: Conceptualization, Project administration, Resources, Writing–review and editing. MA: Conceptualization, Funding acquisition, Project administration, Resources, Supervision, Validation, Writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. The Swedish Heart-Lung foundation (grant numbers 20180514, 20210297); the Swedish Research Council–Medicine and Health (grant number 2019-01630); Cayman Biomedical Research Institute (CABRI), Karolinska Institutet and China Scholarship Council.
GENERATIVE AI STATEMENT
The author(s) declare that no Generative AI was used in the creation of this manuscript.
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.
REFERENCES
 Abraham, E. (2003). Neutrophils and acute lung injury. Crit. Care Med. 31 (4 Suppl. l), S195–S199. doi:10.1097/01.CCM.0000057843.47705.E8
 Allen, G. B., Leclair, T. R., von Reyn, J., Larrabee, Y. C., Cloutier, M. E., Irvin, C. G., et al. (1985)2009). Acid aspiration-induced airways hyperresponsiveness in mice. J. Appl. Physiol. 107 (6), 1763–1770. doi:10.1152/japplphysiol.00572.2009
 Archambault, A. S., Zaid, Y., Rakotoarivelo, V., Turcotte, C., Dore, E., Dubuc, I., et al. (2021). High levels of eicosanoids and docosanoids in the lungs of intubated COVID-19 patients. FASEB J. 35 (6), e21666. doi:10.1096/fj.202100540R
 Bastarache, J. A., and Blackwell, T. S. (2009). Development of animal models for the acute respiratory distress syndrome. Dis. Model Mech. 2 (5-6), 218–223. doi:10.1242/dmm.001677
 Bhattacharya, J., and Matthay, M. A. (2013). Regulation and repair of the alveolar-capillary barrier in acute lung injury. Annu. Rev. Physiol. 75, 593–615. doi:10.1146/annurev-physiol-030212-183756
 Casey, L. C., Balk, R. A., and Bone, R. C. (1993). Plasma cytokine and endotoxin levels correlate with survival in patients with the sepsis syndrome. Ann. Intern Med. 119 (8), 771–778. doi:10.7326/0003-4819-119-8-199310150-00001
 El-Shahat, R. A., El-Demerdash, R. S., El Sherbini, E. S., and Saad, E. A. (2021). HCl-induced acute lung injury: a study of the curative role of mesenchymal stem/stromal cells and cobalt protoporphyrin. J. Genet. Eng. Biotechnol. 19 (1), 41. doi:10.1186/s43141-021-00139-w
 Fredriksson, F., Sellberg, F., Bowden, T., Engstrand, T., Berglund, D., and Lilja, H. E. (2017). Sutures impregnated with carbazate-activated polyvinyl alcohol reduce intraperitoneal adhesions. J. Pediatr. Surg. 52 (11), 1853–1858. doi:10.1016/j.jpedsurg.2017.01.058
 He, R., Chen, Y., and Cai, Q. (2020). The role of the LTB4-BLT1 axis in health and disease. Pharmacol. Res. 158, 104857. doi:10.1016/j.phrs.2020.104857
 Hierholzer, C., Kalff, J. C., Omert, L., Tsukada, K., Loeffert, J. E., Watkins, S. C., et al. (1998). Interleukin-6 production in hemorrhagic shock is accompanied by neutrophil recruitment and lung injury. Am. J. Physiol. 275 (3), L611–L621. doi:10.1152/ajplung.1998.275.3.L611
 Kaku, S., Nguyen, C. D., Htet, N. N., Tutera, D., Barr, J., Paintal, H. S., et al. (2020). Acute respiratory distress syndrome: etiology, pathogenesis, and summary on management. J. Intensive Care Med. 35 (8), 723–737. doi:10.1177/0885066619855021
 Kolmert, J., Fauland, A., Fuchs, D., Safholm, J., Gomez, C., Adner, M., et al. (2018). Lipid mediator quantification in isolated human and Guinea pig airways: an expanded approach for respiratory research. Anal. Chem. 90 (17), 10239–10248. doi:10.1021/acs.analchem.8b01651
 Liu, L. (2013). Targeting oxidation stress with functional polymer. DIVA Degree Proj. Appl. Biotechnol. Upps Univ.
 Matthay, M. A., Ware, L. B., and Zimmerman, G. A. (2012). The acute respiratory distress syndrome. J. Clin. Invest 122 (8), 2731–2740. doi:10.1172/JCI60331
 Meduri, G. U., Headley, S., Kohler, G., Stentz, F., Tolley, E., Umberger, R., et al. (1995). Persistent elevation of inflammatory cytokines predicts a poor outcome in ARDS. Plasma IL-1 beta and IL-6 levels are consistent and efficient predictors of outcome over time. Chest 107 (4), 1062–1073. doi:10.1378/chest.107.4.1062
 Metheny, N. A., Clouse, R. E., Chang, Y. H., Stewart, B. J., Oliver, D. A., and Kollef, M. H. (2006). Tracheobronchial aspiration of gastric contents in critically ill tube-fed patients: frequency, outcomes, and risk factors. Crit. Care Med. 34 (4), 1007–1015. doi:10.1097/01.CCM.0000206106.65220.59
 Meyer, N. J., Gattinoni, L., and Calfee, C. S. (2021). Acute respiratory distress syndrome. Lancet 398 (10300), 622–637. doi:10.1016/S0140-6736(21)00439-6
 Paoletti, G., Melone, G., Ferri, S., Puggioni, F., Baiardini, I., Racca, F., et al. (2021). Gastroesophageal reflux and asthma: when, how, and why. Curr. Opin. Allergy Clin. Immunol. 21 (1), 52–58. doi:10.1097/ACI.0000000000000705
 Raghavendran, K., Nemzek, J., Napolitano, L. M., and Knight, P. R. (2011). Aspiration-induced lung injury. Crit. Care Med. 39 (4), 818–826. doi:10.1097/CCM.0b013e31820a856b
 Sellberg, F., Fredriksson, F., Engstrand, T., Bowden, T. M., Nilsson, B., Hong, J., et al. (2019). Polyvinylalcohol-carbazate (PVAC) reduces red blood cell hemolysis. PLoS One 14 (12), e0225777. doi:10.1371/journal.pone.0225777
 Serhan, C. N., Chiang, N., Dalli, J., and Levy, B. D. (2014). Lipid mediators in the resolution of inflammation. Cold Spring Harb. Perspect. Biol. 7 (2), a016311. doi:10.1101/cshperspect.a016311
 Spond, J., Billah, M. M., Chapman, R. W., Egan, R. W., Hey, J. A., House, A., et al. (2004). The role of neutrophils in LPS-induced changes in pulmonary function in conscious rats. Pulm. Pharmacol. Ther. 17 (3), 133–140. doi:10.1016/j.pupt.2004.01.003
 Stables, M. J., and Gilroy, D. W. (2011). Old and new generation lipid mediators in acute inflammation and resolution. Prog. Lipid Res. 50 (1), 35–51. doi:10.1016/j.plipres.2010.07.005
 Stephens, K. E., Ishizaka, A., Larrick, J. W., and Raffin, T. A. (1988). Tumor necrosis factor causes increased pulmonary permeability and edema. Comparison to septic acute lung injury. Am. Rev. Respir. Dis. 137 (6), 1364–1370. doi:10.1164/ajrccm/137.6.1364
 Villar, J., Blanco, J., and Kacmarek, R. M. (2016). Current incidence and outcome of the acute respiratory distress syndrome. Curr. Opin. Crit. Care 22 (1), 1–6. doi:10.1097/MCC.0000000000000266
 Ye, Q., Wang, B., and Mao, J. (2020). The pathogenesis and treatment of the `Cytokine Storm' in COVID-19. J. Infect. 80 (6), 607–613. doi:10.1016/j.jinf.2020.03.037
Conflict of interest: A patent using PVAC as an anti-inflammatory drug has been granted (Active principle for mitigating undesired medical conditions, WO 2012/105887 A1). The patent is owned by PVAC Medical Technologies Ltd (PMT). TE and TB are shareholders of PMT and have acted as consultants towards the company developing PVAC for clinical applications.
The remaining 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.
Copyright © 2024 Dong, Liu, Quaranta, Jing, Nie, Wheelock, Murrell, Coquet, Bowden, Engstrand and Adner. 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.
		ORIGINAL RESEARCH
published: 26 November 2024
doi: 10.3389/fphar.2024.1488722


[image: image2]
A sulfonimide derivative of bezafibrate as a dual inhibitor of cyclooxygenase-2 and PPARα
Alessandra Ammazzalorso1†, Stefania Tacconelli2†, Annalisa Contursi2†, Ulrika Hofling2, Carmen Cerchia3, Sara Di Berardino2, Alessandra De Michele2, Rosa Amoroso1, Antonio Lavecchia3*‡ and Paola Patrignani2*‡
1Department of Pharmacy, “G. d’Annunzio” University, Chieti, Italy
2Systems Pharmacology and Translational Therapeutics Laboratory, at the Center for Advanced Studies and Technology (CAST), and Department of Neuroscience, Imaging and Clinical Science, “G. d’Annunzio” University, Chieti, Italy
3Department of Pharmaceutical and Toxicological Chemistry, University of Naples “Federico II”, Naples, Italy
Edited by:
Emanuela Ricciotti, University of Pennsylvania, United States
Reviewed by:
Atilio Sersun Calefi, Universidade Cruzeiro do Sul, Brazil
Lucia Trevisi, University of Padua, Italy
* Correspondence: Paola Patrignani, ppatrignani@unich.it; Antonio Lavecchia, antonio.lavecchia@unina.it
†These authors have contributed equally to this work and share first authorship
‡These authors have contributed equally to this work and share last authorship
Received: 30 August 2024
Accepted: 07 November 2024
Published: 26 November 2024
Citation: Ammazzalorso A, Tacconelli S, Contursi A, Hofling U, Cerchia C, Di Berardino S, De Michele A, Amoroso R, Lavecchia A and Patrignani P (2024) A sulfonimide derivative of bezafibrate as a dual inhibitor of cyclooxygenase-2 and PPARα. Front. Pharmacol. 15:1488722. doi: 10.3389/fphar.2024.1488722

Background: PPARα and cyclooxygenase (COX)-2 are overexpressed in certain types of cancer. Thus, developing a dual inhibitor that targets both could be more effective as an anticancer agent than single inhibitors. We have previously shown that an analog of the bezafibrate named AA520 is a PPARα antagonist. Herein, we report the identification of AA520 as a potent COX-2 inhibitor using in silico approaches. In addition, we performed a thorough pharmacological characterization of AA520 towards COX-1 and COX-2 in different in vitro models.Methods: AA520 was characterized for inhibiting platelet COX-1 and monocyte COX-2 activity in human whole blood (HWB) and for effects on lipidomics of eicosanoids using LC-MS/MS. The kinetics of the interaction of AA520 with COX-2 was assessed in the human colon cancer cell line, HCA-7, expressing only COX-2, by testing the COX-2 activity after extensive washing of the cells. The impact of AA520 on cancer cell viability, metabolic activity, and cytotoxicity was tested using the MTT reagent.Results: In HWB, AA520 inhibited in a concentration-dependent fashion LPS-stimulated leukocyte prostaglandin (PG) E2 generation with an IC50 of 0.10 (95% CI: 0.05–0.263) μM while platelet COX-1 was not affected up to 300 μM. AA520 did not affect LPS-induced monocyte COX-2 expression, and other eicosanoids generated by enzymatic and nonenzymatic pathways. AA520 inhibited COX-2-dependent PGE2 generation in the colon cancer cell line HCA7. Comparison of the inhibition of COX-2 and its reversibility by AA520, indomethacin (a time-dependent inhibitor), acetylsalicylic acid (ASA) (an irreversible inhibitor), and ibuprofen (a reversible inhibitor) showed that the compound is acting by forming a tightly bound COX-2 interaction. This was confirmed by docking and molecular dynamics studies. Moreover, AA520 (1 μM) significantly reduced MTT in HCA7 cells.Conclusion: We have identified a highly selective COX-2 inhibitor with a unique scaffold. This inhibitor retains PPARα antagonism at the same concentration range. It has the potential to be effective in treating certain types of cancer, such as hepatocellular carcinoma (HCC) and renal cell carcinoma (RCC), where COX-2 and PPARα are overexpressed.Keywords: COX-2, PPARα, whole blood, NSAIDs, coxibs, lipidomics of eicosanoids, colorectal cancer
1 INTRODUCTION
There is strong evidence indicating that inflammation plays a crucial role in both the early stages of cancer development as well as in its progression toward metastasis (Patrignani and Patrono, 2015; Wang and Dubois, 2010a; 2010b). The activity of cyclooxygenase (COX)-2 contributes to inflammation by converting arachidonic acid (AA) into prostanoids, a family of lipid mediators. Among them, prostaglandin E2(PGE2) promotes tumorigenesis and metastasis via different mechanisms, and its inhibition causes anti-tumor effects by preventing invasion, proliferation, and angiogenesis and inducing apoptosis. The different biological responses of PGE2 are mediated by G protein-coupled receptors (EP1-4), expressed in a tissue-specific manner (Wang and Dubois, 2010a; 2010b; Santiso et al., 2024). In particular, EP2 and EP4 subtypes are involved in tumorigenesis, and currently, they represent interesting targets in the development of anticancer drugs (Santiso et al., 2024). Selective COX-2 inhibitors (collectively named coxibs) effectively reduce inflammation and cause anti-tumor effects through PGE2 biosynthesis inhibition. TPST 1495, a selective dual antagonist of EP2 and EP4, is in clinical development to improve the efficacy of immune checkpoint inhibitors in patients with advanced solid tumors (https://clinicaltrials.gov/study/NCT04344795).
Another important pathway in tumorigenesis is represented by the PPAR (Peroxisome Proliferator-Activated Receptor) family. PPARs are nuclear hormone receptors, including PPARα, PPARδ, and PPARγ, which are important in regulating cancer cell proliferation, survival, apoptosis, and tumor growth (Hong et al., 2019; Kaipainen et al., 2007; Spaner et al., 2013; Messmer et al., 2015). The PPARα subtype represents an interesting anticancer target due to its critical roles in metabolic regulation and immune function. PPARα is involved in several types of cancer through the activation of NF-kB and the regulation of fatty acid oxidation. PPARα promotes tumor cell growth and inhibits anticancer immunity (Tan et al., 2021). TPST-1120 is a first-in-class, oral, small molecule, competitive antagonist of PPARα, with nanomolar potency (IC50 0.04 μM) for human PPARα and high specificity (>250-fold) for PPARα over the other PPAR isoforms (PPAR β/δ and γ). It has been shown to inhibit tumor growth in xenograft and syngeneic tumor models and to improve the efficacy of anti-PD-1 therapy in tumor reduction and durable antitumor immunity (Stock et al., 2017; Yarchoan et al., 2024). Recent First-in-human Phase I Trial results in patients with advanced tumors support its promising anticancer profile (Yarchoan et al., 2024).
In hepatocellular carcinoma (HCC) and renal cell carcinoma (RCC), both COX-2 and PPARα are overexpressed (Chen et al., 2004; Cervello and Montalto, 2006; Abu Aboud et al., 2013). Thus, we have hypothesized that a molecule that inhibits both pathways could lead to improved anticancer effects. We have previously synthesized an analog of the bezafibrate named AA520 (Figure 1A) as a potent PPARα antagonist (Ammazzalorso et al., 2016). This compound was obtained by modifying the carboxyl portion of the bezafibrate and introducing a sulfonimide moiety. Using an in silico approach, we have found that AA520 binds COX-2. Here, we performed a thorough pharmacological characterization of AA520 towards COX-1 and COX-2 in different in vitro models. AA520 was also characterized for the capacity to interfere with other enzymatic and nonenzymatic pathways of AA by performing targeted lipidomics of eicosanoids by chiral liquid chromatography-mass spectrometry (LC-MS/MS) (Mazaleuskaya et al., 2018; Tacconelli et al., 2020a). The reversibility of the inhibition of COX-2 activity by AA520 was evaluated in the human colon cancer cell line, HCA-7, expressing only COX-2. Moreover, docking and molecular dynamics studies were performed. The impact of AA520 on cancer cell viability, metabolic activity, and cytotoxicity was tested using the MTT viability reagent.
[image: Figure 1]FIGURE 1 | Effect of AA520 on the activity of COX-1 and COX-2 in human whole blood. (A) Chemical structure of AA520; (B) Concentration-response curves of inhibition in human whole blood of platelet COX-1 and LPS-induced monocyte COX-2 activity by AA520. Increasing concentrations of compound AA520 (0.001–300 µM) were incubated with heparinized whole blood samples, withdrawn from 4 healthy volunteers (2 females and 2 males) after suppressing the contribution of platelet COX-1 by adding aspirin (50 µM) in vitro solubilized in methanol and then evaporated, in the presence of LPS (10 μg/mL) for 24 h; after centrifugation, PGE2 levels were analyzed as an index of LPS-induced-COX-2 activity, by a specific RIA. Furthermore, AA520 (0.01–300 µM) was incubated with human whole blood (from the same individuals) and allowed to clot for 1 h at 37°C; after centrifugation, TXB2 levels were measured as an index of platelet COX-1 activity by a specific immunoassay. Results are depicted as percent inhibition (mean ± SEM, n = 3–4); (C) Heat map of % inhibition of COX-1 and COX-2 activities (mean values) versus increasing AA520 concentrations.
2 MATERIALS AND METHODS
2.1 Materials
Acetonitrile (ACN), water (LC-MS grade), formic acid (FA), n-hexane, methanol, acetic acid, and isopropanol were from Carlo Erba Reagents, Milan, Italy. Standards of TXB2, PGE2, hydroxyeicosatetraenoic acid (HETE) s, leukotriene (LT) B4, their deuterated forms, 15R-lipoxin (LX) A4, and the immunoassay kit for the assessment of TXB2 (#501020) were from Cayman Chemical (Ann Arbor, Michigan, United States). ECL Western blotting Detection Reagents were from GE Healthcare (Milan, Italy). Dimethyl sulfoxide (DMSO), ethanol (EtOH), bovine serum albumin (BSA), NaCl, Triton X-100, Phenylmethylsulfonyl Fuoride (PMSF), Dulbecco’s Modified Eagle’s Medium (DMEM), Penicillin-Streptomycin, Fetal Bovine Serum (FBS), arachidonic acid (AA), LPS derived from Escherichia coli 026:B6, indomethacin, acetylsalicylic acid (aspirin or ASA), ibuprofen, bezafibrate, and benzenesulfonamide were from Sigma Aldrich, Milan, Italy. AA520 was synthesized as previously reported (Ammazzalorso et al., 2016), starting from bezafibrate and benzenesulfonamide as starting materials. The Lux 3 μm Amylose-1, 150 mm × 3.0 mm chromatographic column was from Phenomenex, Torrance, United States and the ACQUITY UPLC® BEH C18 1.7 µm chromatographic column was from Waters SpA, Milan, Italy. The Bradford protein assay, β-Mercaptoethanol, the PVDF membrane, and the non-fat milk for immunoblot were from Bio-Rad, Milan, Italy. The anti-GAPDH monoclonal antibody (#sc-47724) and the Ficoll-Paque PLUS density gradient media were from Santa Cruz Biotechnology (Dallas, United States). Colon cancer cell line HCA7 colony 29 (HCA7) was from the European Collection of Cell Cultures (ECC, Salisbury, United Kingdom).
2.2 Subjects
Peripheral venous blood samples were drawn from healthy volunteers (n = 10, 7 females, 23–50 years) when they had not taken any non-steroidal anti-inflammatory drug (NSAID) during the 2 weeks preceding the study. This study was carried out following the recommendations of the Declaration of Helsinki after approval by the local Ethics Committee of “G. d’ Annunzio” University of Chieti-Pescara (#254), and informed consent was obtained from each subject.
2.3 Effect of AA520 on whole blood COX-1 and COX-2 activities in vitro
The compound AA520 was dissolved in DMSO; then 2-µL aliquots of the vehicle or the different solutions of AA520 were added directly into glass test tubes to give the final concentrations of 0.01–300 µM. Duplicate 1-mL aliquots of whole blood drawn from the healthy volunteers were immediately transferred into glass tubes and allowed to clot at 37°C for 1 h. After incubation, serum was immediately separated by centrifugation (1,560 g, 10 min at 4°C) and stored at −80°C until assayed for TXB2, which reflects platelet COX-1 activity (Patrono et al., 1980) by using a validated immunoassay (Patrignani et al., 2014) (Cayman Chemical, item#501020). At the same time, 2-µL of the vehicle or the different solutions of AA520 were added to duplicate aliquots of heparinized whole blood samples to give the final concentrations of 0.001–300 µM in the presence of LPS (10 μg/mL) for 24 h as previously described (Patrignani et al., 1994). The contribution of platelet COX-1 was suppressed by adding aspirin in vitro at a concentration of 50 μM, solubilized in methanol, and then evaporated through the speed-vac before adding LPS and test-compound. Plasma was separated by centrifugation and kept at −80°C until assayed for PGE2 levels by using a specific radioimmunoassay (RIA) (Patrignani et al., 1994). Some experiments were performed to test the effect of bezafibrate and benzenesulfonamide (the starting compounds of the synthesis of AA520) on LPS-stimulated whole blood at the final concentrations of 10–300 μM.
2.4 Effects of AA520 on eicosanoid biosynthesis in LPS stimulated whole blood
In LPS-stimulated whole blood, 12R-HETE, 12S-HETE, 15R-HETE, 15S-HETE, 5R-HETE, 5S-HETE, 8R-HETE, 8S-HETE, LTB4 and 15R-LXA4, were assessed by a modified LC-MS/MS method (Mazaleuskaya et al., 2018). Briefly, samples were extracted by using a liquid-liquid extraction (Maskrey et al., 2007; Tacconelli et al., 2020a): to 0.3 mL of the sample, phosphate buffer (PBS) was added to give 1 mL; then 2.5 mL of a mixture of acetic acid/isopropanol/hexane (2:20:30, v/v/v) and internal standards (d8-12S-HETE, d8-15S-HETE, d8-5SHETE, d4-TXB2 at the final concentration of 5 ng/mL) were added. The extraction was performed by adding 5 mL of n-hexane. Then, the samples were centrifuged at 1,500 g at 4°C for 5 min. The dried hexane phases were stored at −80°C until LC-MS/MS analysis. Before analysis, dried lipids were resuspended in 0.2 mL of methanol and analyzed by LC-MS/MS as previously described (Tacconelli et al., 2020a). The LC-MS/MS system consisted of ACQUITY UPLC I-Class/Xevo TQS micro IVD System (Waters) equipped with a Z-Spray ESI source under negative ionization conditions. Deuterated and non-deuterated standards (from Cayman Chemical) were analyzed in MS/MS mode to examine the collision-induced fragmentation spectrum to select specific fragments monitored for each eicosanoid (Hofling et al., 2022). Separation of 12R-HETE, 12S-HETE, 15R-HETE, 15S-HETE, 5R-HETE, 5S-HETE, 8R-HETE, 8S-HETE, 15R-LXA4, LTB4, PGE2 and TXB2 was performed using a chiral chromatographic column (Lux 3 μm Amylose-1, 150 mm × 3.0 mm; Phenomenex, Torrance, CA, United States) eluting a 20-min gradient of 50%–100% solvent B (60% methanol, 40% ACN, 0.1% glacial acetic acid) and solvent A (75% water, 25% ACN, 0.1% glacial acetic acid): 50% solvent B for 5 min; 50%–60% solvent B for 4 min; 60%–80% solvent B for 2 min; 80%–90% solvent B for 2 min; 90%–100% solvent B for 1 min, 100% solvent B for 2 min and 50% of solvent B from 17 to 20 min with a flow rate of 0.2 mL/min). The linear standard curves were obtained by adding constant amounts of internal standards to eight different concentrations of each analyte (0.01–500 ng/mL), then the calibration curves were constructed by linear regression of the ratio of the peak areas of the analytes to the areas of the corresponding internal standards. For 8R- and 8S-HETE and 15R-LXA4, we used d8-12S-HETE as their internal standard (Tacconelli et al., 2020a). The eicosanoid concentrations were calculated by interpolation from the calculated regression lines. The eicosanoid peak areas were extracted and analyzed by using MassLynx software (Waters, United Kingdom). The data were normalized to sample volume and expressed as ng/mL. The detection limit of quantification of each eicosanoid was 10 pg/mL.
2.5 Effect of AA520 on COX-1 and COX-2 expression in LPS-stimulated isolated monocytes
Human monocytes were freshly isolated from concentrated buffy coats (obtained from the blood bank of Hospital Renzetti, Lanciano, Chieti, Italy) that were treated in vitro with aspirin (50 µM) for 20 min to inhibit the activity of COX-1. As previously described, monocytes were separated from the Ficoll-Paque density gradient media (Patrignani et al., 1994). To characterize the purity of isolated cells, monocytes were incubated with anti-CD14 (1:10) and assessed by FacsVerse cytometer (BD) (Marimuthu et al., 2018). We used four different buffy coats. Assuming an SD of 8 for the % OD values of the COX-1/GAPDH and COX-2/GAPDH immunoreactive bands in LPS-stimulated monocytes, a sample size of 4 would be required to achieve a power of 80% and a significance level of 5% (two-sided) for detecting a difference in means between the LPS-vehicle and AA520 of 20 or more. Cell suspensions routinely contained 90% monocytes (Patrignani et al., 1994). Monocytes (1.5 × 106) grown in RPMI 1640 supplemented with 0.5% FBS, 1% penicillin/streptomycin and 2 mM L-glutamine, were incubated with vehicle (DMSO) or increasing concentrations of AA520 (0.1–10 μM) in the presence of LPS (10 μg/mL) for 24 h. After 24h incubation, monocytes were centrifuged (700 g, 5 min at 4°C); pellets were stored at −80°C until assayed for COX-1 and COX-2 expression by Western blot (Patrignani et al., 2017; Patrignani et al., 1994).
2.6 Western blot
COX-1 and COX-2 expression was assessed in monocytes and PPARα in HCA7 cells by a Western blot technique (Patrignani et al., 2017; Patrignani et al., 1994). Briefly, aliquots of cell lysates were loaded onto 9% Sodium Dodecyl Sulphate-PolyAcrylamide Gel Electrophoresis (SDS-PAGE), transferred to PVDF membrane, and blocked with a solution of 5% blotting grade blocker in tris-buffered saline-0.1% Tween-20 (TBS-Tween-20). The membrane was incubated overnight with COX-2 (mouse) monoclonal antibody (#160112, Cayman Chemical), COX-1 ovine polyclonal antibody (#160108, Cayman Chemical), PPARα rabbit polyclonal antibody (#227074, Abcam) and GAPDH monoclonal antibody (#sc-47724, Santa Cruz Biotechnology) used as the loading control. Membranes were developed using ECL Western blotting Detection Reagents. Results were obtained using a digital imaging system Alliance 4.7 (UVITEC, Cambridge, United Kingdom) (Patrignani et al., 2017).
2.7 Assessment of the inhibition of COX-2 and its reversibility by AA520 in HCA-7 cells
We studied the mechanism of inhibition of COX-2 by AA520 in comparison to aspirin, indomethacin, and ibuprofen in colon cancer cell line HCA-7 colony 29 (HCA-7), selectively expressing only COX-2. The HCA-7 cell line was from the European Collection of Cell Cultures (ECC, Salisbury, United Kingdom). The HCA-7 cells, used at passage levels 11–18, were cultured in DMEM supplemented with 10% FBS, 1% penicillin/streptomycin, and 1% L-glutamine.
Before each experiment, cells were plated at the concentration of 1 × 106 in 5 cm plates (volume 3 mL) containing 2 mL of DMEM supplemented with 0.50% of FBS for 16 h. First, we assessed the inhibition of COX-2 by AA520 by preincubating the cells with vehicle (DMSO) or with different concentrations of the compound (30 min at room temperature); then, AA (0.5 μM) was added for a further 30 min at 37°C, and supernatants were collected and assessed for PGE2 levels by RIA.
The kinetics of the interaction of AA520 and other NSAIDs with COX-2 was assessed by performing biochemical studies (Vitale et al., 2013) evaluating the residual inhibition of PGE2 biosynthesis by HCA7 cells after extensive washing of the cells versus the values obtained without washing. Briefly, AA520, indomethacin (a time-dependent inhibitor of COX), aspirin (ASA, an irreversible inhibitor of COX), and ibuprofen (a reversible inhibitor of COX) were incubated with the cells at a concentration of 100 μM for 30 min at room temperature. In some experiments, AA (0.5 μM) was added, and the incubation continued for 30 min at 37°C. In other experiments, cells preincubated with the different compounds were washed three times with 3 mL of DMEM (without FBS), resuspended with medium (without FBS), and stimulated with AA, 0.50 μM for 30 min at 37°C. In both experimental conditions (without or with washing passages), PGE2 production was determined in the medium by RIA as an index of COX-2 activity (Patrignani et al., 1994). After trypsinization and centrifugation, protein quantification was performed using the Bradford method.
2.8 Development of an LC-MS/MS method for the qualitative assessment of AA520, bezafibrate, and benzenesulfonamide
We have developed a LC-MS/MS method in “Multiple Reaction Monitoring (MRM)” mode (LC/MS/MRM) which allowed qualitative analysis of AA520, bezafibrate and benzenesulfonamide by using an ACQUITY UPLC I-Class/Xevo TQS micro IVD System (Waters) equipped with a Z-Spray ESI source under negative ionization conditions. The three compounds were solubilized in methanol at a final concentration of 1,000 ng/mL and infused into the electrospray ionization source (ESI ZSpray), under negative ionization conditions, at a rate of 50 μL/min, to obtain the MS and MS/MS fragmentation spectra.
Chromatographic separation of the three compounds was performed using an ACQUITY UPLC® BEH C18 1.7 µm chromatography column (Waters) with the following mobile phases: A) water (0.1% FA); B) ACN (0.1% FA). The mobile phases eluted with a flow rate of 0.3 mL/min according to the following gradient: 0–1 min: 100%A; 1–7 min: 10%A; 7–9 min:100%A. The volume injected was 5 µL.
2.9 Qualitative evaluation of AA520, bezafibrate, and benzenesulfonamide by LC-MS/MS in whole blood incubated for 24 h at 37°C with AA520
Aliquots (1 mL) of heparinized whole blood were incubated with AA520 at 37°C for 24 h. At the end of the incubation, the plasma was separated by centrifugation (10 min at 1560 g at 4°C). Then aliquots of 200 µL of plasma were extracted with 1 mL of acetonitrile (Saraner et al., 2019); after vortexing for 30 s, the samples were centrifuged at 1800 g for 10 min. Finally, 5 µL of the supernatant was injected into the LC-MS/MS system to determine the presence of AA520 or potential metabolites.
2.10 MTT assay
HCA7 cells were seeded at 4 × 103 cells/well in DMEM supplemented with 0.5% FBS and 1% penicillin/streptomycin at 37°C. Then, cells were treated with AA520 (1–10 μM), rofecoxib (10 μM), GW6471 (a PPARα antagonist, 10 and 25 μM), or vehicle (DMSO), and the viability was assessed up to 72 h of exposure by using the [(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (MTT) assay according to the manufacturer’s instructions (CyQUANT™ MTT Cell Viability Assay, Invitrogen).
2.11 Molecular modeling
2.11.1 Protein and ligand preparation
The 2.4 Å resolution X-ray structure of murine COX-2 in complex with celecoxib (PDB 3LN1) (Wang et al., 2010) was downloaded from the Protein Data Bank. The structure of murine COX-2 is highly similar to the human enzyme, with 87% identity and strict sequence conservation in the active site (Kurumbail et al., 1996). The Protein Preparation Wizard in Maestro (Protein Preparation Wizard; Epik, Schrödinger, LLC, New York, NY, 2021; Impact, Schrödinger, LLC, New York, NY, 2021; Prime, Schrödinger, LLC, New York, NY, 2021) was used to prepare the selected structure for docking studies: all the crystallographic water molecules and other chemical components were removed; the right bond orders, charges, and atom types were assigned; and the hydrogen atoms were added. The H-bond network was optimized by exhaustive sampling of rotamers, tautomers, and protonation states of titratable amino acids at neutral pH. Finally, a restrained minimization was performed on the protein structures using the Impref module, by imposing a 0.3 Å RMSD limit from the initial coordinates as constraint. The in-house small library of compounds, including AA520 (Ammazzalorso et al., 2016), was prepared for in silico studies with LigPrep (LigPrep, Schrödinger, LLC, New York, NY, 2021) in order to generate suitable 3D conformations and tautomerization states at pH 7.
2.11.2 Docking calculations
The virtual screening of the in-house library of compounds was accomplished by using Glide (Glide, Schrödinger, LLC, New York, NY, 2021) (Friesner et al., 2004; Halgren et al., 2004) in SP mode.
Docking of AA520 was carried out with the Glide Induced Fit Docking (IFD) protocol (Glide, Schrödinger, LLC, New York, NY, 2021; Prime, Schrödinger, LLC, New York, NY, 2021) (Farid et al., 2006; Sherman et al., 2006a; Sherman et al., 2006b). For both virtual screening and IFD, the docking grid was generated by considering an inner box of 10 Å × 10 Å × 10 Å and an outer box of 30 Å × 30 Å × 30 Å surrounding the bound celecoxib. In the case of IFD, an extended sampling protocol was adopted, which returns up to 80 poses: in the first stage, docking is conducted using a softened potential and removal of side chains, on the basis of solvent-accessible surface areas and B-factors. The results of this procedure are clustered to obtain representative poses. Then, for residues within 5 Å of any ligand pose, a Prime side-chain prediction is carried out, followed by minimization of both residues and ligand. Finally, the ligand is re-docked, using default Glide SP settings, into the induced-fit receptor structure, and each output pose is scored. Both the Glide Emodel and GlideScore lowest-energy values were considered for final pose selection. Before proceeding with the docking simulations of the compound under study, we investigated pose generation quality by re-docking the co-crystalized celecoxib (PDB 3LN1). The above-described IFD protocol well reproduced the experimental geometries, with RMSD value of 0.48 Å.
2.11.3 Molecular dynamics simulations
The protein-ligand complex obtained by the above-described IFD approach was selected for molecular dynamics simulations, carried out by means of Desmond (Bowers et al., 2006). Briefly, the system was solvated in a 10 Å layer orthorhombic box using TIP3P water model, and then neutralized by adding counterions. A salt concentration of 0.15 M of NaCl was also included in the simulation box to reproduce the physiological conditions. OPLS_2005 (Jorgensen et al., 1996) was used as force field. The system was relaxed before the simulation by using the protocol implemented in Desmond; then, the simulation was run for 100 ns under a NTP ensemble using the Nose-Hoover thermostat to maintain a constant temperature of 300 K and Martyna-Tobias-Klein barostat to maintain the pressure at 1 atm. The trajectories were saved at 100 ps intervals for analysis. The obtained trajectory was clustered according to the RMSD matrix of a specified set of atoms (backbone) by employing “Desmond Trajectory Clustering”, which uses an affinity propagation clustering method (Frey and Dueck, 2007). A trajectory frame extraction interval of 10 and a maximum output number of clusters to 10 were set. A total of 15 clusters were obtained (Supplementary Table S1), of which the representative structure from the most populated cluster was selected for subsequent analysis. The “Simulation Interactions Diagram” tool was then used for post-MD analysis. The stability of MD simulations was monitored by observing the root mean square deviation (RMSD) of the ligand and protein atom over simulation time.
The representative structure obtained from the clustering procedure was then used to run the calculation of Prime MM-GBSA (Prime, Schrödinger, LLC, New York, NY, 2021). This method can be used to approximate the free energy of binding between a protein and a ligand. The calculations employed predefined dielectric constants, the OPLS_2005 force field, and the VSGB solvation model (Li et al., 2011). A more negative value indicates stronger binding. The obtained values of ΔGbind were compared with those calculated using as reference the COX-2/celecoxib structure obtained from the protein preparation procedure (see above).
All the figures were rendered with PyMOL (The PyMOL Molecular Graphics System, Version 2.0 Schrödinger, LLC).
2.12 Statistical analysis
The data have been reported as mean ± standard error of the mean (SEM) or standard deviation (SD) as specified. The statistical analysis was performed using GraphPad Prism software (version 10.00 for Mac; GraphPad, San Diego, CA). The values of P < 0.05 were considered statistically significant. The specific statistical text used in each experiment is reported in the Figure legends. In the experiments assessing the % inhibition of PGE2 in LPS-stimulated whole blood by AA520, the concentration of PGE2 produced in LPS-stimulated whole blood was subtracted from that produced without LPS (baseline) The concentration-response curves were obtained using GraphPad Prism software (version 10.00 for Mac). GraphPad Prism software obtained the IC50 and 95% confidence interval (CI) values of the sigmoidal concentration-response data.
3 RESULTS
3.1 Identification of COX-2 inhibitors by virtual screening
We virtually screened the in-house small library of compounds described previously (Ammazzalorso et al., 2016) to find novel small molecules targeting PPARα and COX-2. Virtual screening calculations were performed using Glide on COX-2 3D structure in complex with celecoxib (PDB 3LN1). Virtual screening results were sorted based on the docking scores and visual inspection (a more detailed description of the COX-2 binding site is reported in section 3.7). Compounds 1b, 1e, and 2b could not be proficiently docked within the COX-2 active site and were discarded from our analysis. Then, we focused on the top-scoring compounds endowed with potent PPARα antagonistic activity, namely 1d, 2b, 6 (hereafter AA520), and 4 (Supplementary Table S2). Finally, we decided to prioritize compound AA520 because of its exquisite selectivity on PPARα concerning PPARγ (Ammazzalorso et al., 2016). In fact, the clinical candidate TPST-1120 possesses high specificity (>250-fold) for PPARα over the other isoforms (Stock et al., 2017).
3.2 Effect of AA520 on eicosanoid generation in human whole blood
In human whole blood allowed to clot at 37°C for 1 h, TXB2 is generated in serum, and it is mainly derived from platelets in response to endogenously formed thrombin (Patrono et al., 1980). It represents an index of the maximal capacity of platelet COX-1 to generate this prostanoid. Serum TXB2 at baseline averaged 421 ± 205 ng/mL (n = 10; mean ± SD). In heparinized human whole blood samples, incubated with LPS (10 μg/mL) at 37°C for 24 h, PGE2 was generated and averaged 19.6 ± 9.8 ng/mL (n = 10; mean ± SD). Under these experimental conditions, it was previously reported that LPS induces COX-2 expression in leukocytes in a time-dependent fashion, and PGE2 paralleled the COX-2 expression (Patrignani et al., 1994). Aspirin (50 μM) was added at the beginning of the incubation to prevent the contribution of platelets to the generation of PGE2. Aspirin causes irreversible inhibition of platelet COX-1 that persists throughout the 24 h of incubation due to the limited capacity of the anucleated platelet to de novo protein synthesis (Evangelista et al., 2006). Aspirin is unstable in plasma and is metabolized to salicylic acid (a weak COX inhibitor) before the induction of COX-2 in leukocytes in response to LPS (Cipollone et al., 1997). Thus, under these experimental conditions, aspirin does not interfere with the activity of COX-2. In unstimulated heparinized whole blood, the PGE2 levels were 0.34 ± 0.22 ng/mL (n = 10). The assessment of serum TXB2 and LPS-induced PGE2 in whole blood is considered the gold standard assay to assess the selectivity of NSAIDs towards COX-2. As shown in Figures 1B, C, AA520 inhibited LPS-induced PGE2 in a concentration-dependent fashion with an IC50 of 0.10 μM (95% CI: 0.05–0.23). The compound only marginally inhibited platelet COX-1 activity at the maximum concentration of 300 μM. The COX-1/COX-2 IC50 ratio was >697.
3.3 Targeted lipidomics of LPS-stimulated human whole blood
To verify the impact of AA520 on different enzymatic and nonenzymatic pathways of AA metabolism, we modified a previously published LC-MS/MS method (Mazaleuskaya et al., 2018). To assess 5-lipooxygenase (LOX) activity, we measured 5S-HETE and LTB4; for the 12S-LOX activity, we assessed 12S-HETE; for 15-LOX-1 activity, we evaluated 15S-HETE and 12S-HETE; for COX-1 and COX-2 activity we measured PGE2, TXB2, 15R-HETE and 15S-HETE (these HETEs are minor products of COX activity) (Powell and Rokach, 2015; Mazaleuskaya et al., 2016; 2018; Contursi et al., 2022). We also measured 5R-HETE, 8S-HETE, 8R-HETE, and 12R-HETE as markers of nonenzymatic oxidation of AA. Finally, we assessed 15R-LXA4 (also named aspirin-triggered LXA4), a product of 15R-HETE and 5-LOX (Serhan, 2002). As shown in Figure 2A and Supplementary Table S3, LPS significantly increased PGE2, TXB2, 15R-HETE, 15S-HETE, 5S-HETE, LTB4, and 5R-HETE vs. unstimulated human whole blood. Noteworthy, 15R-LXA4 was undetectable (i.e., <10 pg/mL) in unstimulated and LPS-stimulated whole blood.
[image: Figure 2]FIGURE 2 | Effects of rofecoxib on eicosanoid biosynthesis in LPS-stimulated-whole blood by targeted lipidomics. (A) Aliquots (1 mL) of heparinized whole blood drawn from healthy volunteers are incubated with rofecoxib (0.3 and 10 μM) or DMSO (vehicle of rofecoxib) in the presence of NaCl (0.9% w/v, named saline) or LPS (10 μg/mL, dissolved in NaCl 0.9% w/v) for 24 h; after centrifugation, eicosanoid levels (12R-HETE, 12S-HETE, 15R-HETE, 15S-HETE, 5R-HETE, 5S-HETE, 8R-HETE, 8S-HETE, LTB4, PGE2, TXB2 and 15R-LXA4) were analyzed by using LC-MS/MS. Results are depicted as ng/mL of each eicosanoid [mean ± SEM, n = 8 (5 females and 3 males), and individual values were also reported]. For each eicosanoid, we used one-way ANOVA and Dunnett post hoc test (to compare the means of different treatments versus saline or LPS), *P < 0.05, **P < 0.001, versus saline, §P < 0.01 versus LPS; or one-way ANOVA and Tukey post hoc test (to compare the mean of each column with the mean of every other column), #P < 0.05, versus 0.3 μM (15R-HETE); (B) Heat map of 15R-HETE, 15S-HETE, PGE2, and TXB2 (mean values) in saline, LPS and Rofecoxib (0.3 and 10 μM) conditions.
3.4 Comparison of the effects of rofecoxib and AA520 on targeted lipidomics of LPS-stimulated human whole blood
As shown in Figures 2A, B, the selective COX-2 inhibitor rofecoxib (Patrono et al., 2001; Tacconelli et al., 2002) significantly reduced PGE2, TXB2, and 15R-HETE, while the other eicosanoids were not significantly affected. However, the extent of reduction of TXB2 and 15R-HETE was lower than PGE2. At 10 μM of rofecoxib, TXB2, 15R-HETE, and PGE2 reduction were 39, 56, and 95%, respectively. The lower inhibition of TXB2 vs. PGE2 is because TXB2 can also be generated from leukocyte COX-1. The contribution of platelet COX-1 is excluded since aspirin was added at the beginning of the incubation. 15R-HETE is produced due to AA’s different conformational interaction in the COX active site (Thuresson et al., 2001; 2002; Powell and Rokach, 2015), and rofecoxib may be less effective in competing with AA in this conformation.
Next, we tested AA520 on the generation of eicosanoids in LPS-stimulated whole blood (Figures 3A, B). Similarly to rofecoxib, the compound significantly reduced PGE2, TXB2, and 15R-HETE, while the other eicosanoids were unaffected. The extent of reduction of TXB2 and 15R-HETE was lower than PGE2. At 1 μM of AA520, TXB2, 15R-HETE, and PGE2 reduction were 23, 19, and 91%, respectively.
[image: Figure 3]FIGURE 3 | Effects of AA520 on eicosanoid biosynthesis in LPS-stimulated whole blood by targeted lipidomics. (A) Aliquots (1 mL) of heparinized whole blood drawn from healthy volunteers are incubated with AA520 (1 and 10 μM) or DMSO (vehicle of AA520) in the presence of NaCl (0.9% w/v, named saline) or LPS (10 μg/mL, dissolved in NaCl 0.9% w/v) for 24 h; after centrifugation, eicosanoid levels (12R-HETE, 12S-HETE, 15R-HETE, 15S-HETE, 5R-HETE, 5S-HETE, 8R-HETE, 8S-HETE, LTB4 PGE2, TXB2 and 15R-LXA4) were analyzed by using LC-MS/MS. Results are depicted as ng/mL of each eicosanoid (mean ± SEM, n = 8, five females and 3 males). For each eicosanoid, we used one-way ANOVA and Dunnett post hoc test (to compare the means of different treatments versus saline or LPS), *P < 0.05, **P < 0.01, versus saline, #P < 0.001 versus LPS; or one-way ANOVA and Tukey post hoc test (to compare the mean of each column with the mean of every other column), §P< 0.05 versus 10μM; (B) Heat map of 15R-HETE, 15S-HETE, PGE2, and TXB2 (mean values) in saline, LPS and AA520 (1 and 10 μM) conditions.
In LPS-isolated human monocytes, AA520 did not significantly affect the protein expression of COX-1 and COX-2 (Figures 4A, B).
[image: Figure 4]FIGURE 4 | Effect of AA520 on COX-1 and COX-2 expression in LPS-stimulated-isolated monocytes. Human monocytes were freshly isolated from concentrated buffy coats. Monocytes (1.5 × 106) grown in RPMI 1640 supplemented with 0.5% FBS, 1% penicillin/streptomycin and 2 mM L-glutamine, were incubated with vehicle (DMSO + NaCl 0.9% w/v) without or with LPS (final 10 μg/mL; vehicle LPS); monocytes were also incubated with LPS in the presence of increasing concentrations of AA520 (0.1–10 μM, dissolved in DMSO) at 37°C for 24 h. After 24 h of incubation, monocytes were centrifuged, and pellets were assayed for COX-1 and COX-2 expression by Western blot (A). The optical density (OD) ratio values of COX-1 and COX-2 immunoreactive bands versus GAPDH bands detected in monocytes treated with LPS vehicle were reported as % of the mean; the effect of increasing concentrations of AA520 (0.1–10 μM) on monocyte COX-1/GAPDH or COX-2/GAPDH were reported as % of LPS vehicle value of each experiment (B). The data were analyzed using one-way ANOVA and Dunnett post hoc test (to compare the means of different treatments versus LPS vehicle). The OD values of COX-1/GAPDH or COX-2/GAPDH detected in LPS vehicle were reported as % of the mean + SEM, n = 4.
Altogether, these findings show that AA520 is a highly selective inhibitor of COX-2 activity.
3.5 Stability of AA520 in LPS-stimulated whole blood and effects of bezafibrate and benzenesulfonamide on PGE2 generation
Since AA520 was synthesized from the starting products bezafibrate and benzenesulfonamide, we studied the purity of the compound, and a chromatographic LC-MS/MS method was applied to AA520 and its starting compounds bezafibrate and benzenesulfonamide. Figure 5, panels A and B, show the MS and the fragmentation spectra of AA520, respectively. The MS spectrum of AA520 did not display bezafibrate and benzenesulfonamide ions (m/z 360 and m/z 156, respectively, Figure 5A), supporting its purity. From the fragmentation spectra of AA520 (Figure 5B), we have chosen the most abundant fragment to follow for the qualitative analysis of AA520, i.e., m/z 500 > 224 (Figure 5B). For bezafibrate and benzenesulfonamide, the most abundant fragments were m/z360 > 274 and m/z 156 > 79, respectively (not shown).
[image: Figure 5]FIGURE 5 | Stability of AA520 in LPS-stimulated whole blood and effects of bezafibrate and benzensulfonamide on PGE2 generation. (A, B) Development of a method for the qualitative analysis of AA520: MS (A) and MS/MS fragmentation (B) spectra of AA520 by triple quadrupole mass spectrometry (MS). AA520 is solubilized in methanol at a final concentration of 1,000 ng/mL and infused into the electrospray ionization source (ESI Z-Spray) under negative ionization conditions at a rate of 50 μL/min. In (B), it is shown the fragmentation spectrum of AA520, obtained with a collision energy of 15 eV; (C–E) qualitative evaluation of AA520, bezafibrate, and benzenesulfonamide by LC-MS/MS in whole blood samples incubated for 24 h at 37°C with AA520 (100 μM); a one-mL aliquot of whole blood was incubated with AA520 (100 μM) for 24h at 37°C and after centrifugation and extraction, the sample was injected into the LC-MS/MS system to determine the presence of AA520 and its potential metabolites bezafibrate and benzenesulfonamide; the chromatographic profile of their main fragments m/z 500 > 224 for AA520, m/z360 > 274 for bezafibrate and m/z 156 > 79 for benzenesulfonamide are shown. (F, G) Concentration-response curves of inhibition of LPS-induced-PGE2 biosynthesis by benzenesulfonamide and bezafibrate; increasing concentrations of benzenesulfonamide (F) and bezafibrate (G) (10–300 µM) or vehicle (DMSO + NaCl 0.9% w/v) were incubated with heparinized whole blood samples, withdrawn from healthy volunteers, after suppressing the contribution of platelet COX-1 by adding aspirin (50 µM) in vitro solubilized in methanol and then evaporated, in the presence of LPS (10 μg/mL) for 24 h; after centrifugation, PGE2 levels were analyzed as an index of LPS-induced-COX-2 activity, by specific immunoassay; results are depicted as percent of control (LPS vehicle) (mean ± SEM, n = 3, 2 females and 1 male).
We assessed the possible metabolization of AA520 (100 μM) to bezafibrate and benzenesulfonamide in heparinized human whole blood incubated for 24 h at 37°C. At the end of the incubation, plasma samples were analyzed for AA520, bezafibrate, and benzenesulfonamide by LC-MS/MS (Figures 5C–E). We detected only tiny amounts of bezafibrate (0.68% of AA520), while benzenesulfonamide was undetectable (<0.1 μM).
We assessed whether benzenesulfonamide and bezafibrate affected COX-2 activity in LPS-stimulated whole blood. As shown in Figure 5, panels F and G, benzenesulfonamide, and bezafibrate reduced PGE2 generation incompletely (approximately 50%), even at the high concentration of 300 μM.
These data suggest that AA520 is stable in blood up to 24 h and that the possible formation of approximately 1% of bezafibrate did not contribute to COX-2 inhibition by AA520.
3.6 Assessment of the mechanism of inhibition of COX-2 by AA520 in the human colon cancer cell line HCA7
As previously reported (Hofling et al., 2022; Tacconelli et al., 2020b), HCA7 cells express COX-2 but not COX-1. We studied the concentration-dependent inhibition of COX-2-dependent PGE2 biosynthesis by AA520 in HCA7 cells stimulated with 0.5 μM of AA. As shown in Figure 6A, AA520 inhibited in a concentration-dependent fashion COX-2-dependent PGE2 with an IC50 of 1.05 (95% CI: 0.58–1.97) μM.
[image: Figure 6]FIGURE 6 | Assessment of the inhibition of COX-2 and its reversibility by AA520 in HCA-7 Cells. (A) Concentration-dependent inhibition of PGE2 biosynthesis by AA520 in HCA-7 colony 29 cell line (HCA-7 cells). HCA-7 cells were incubated with DMSO or increasing concentrations of AA520 (0.01–100 μM) for 30min; then, cells were incubated with AA (0.5 μM) for a further 30 min at 37°C, and the levels of PGE2 were assessed in the conditioned medium by a validated immunoassay. Data are reported as mean ± SEM, n = 4, and represented as % inhibition of PGE2 generated without the compounds (vehicle). (B) Kinetics of the interaction of AA520 and other NSAIDs on COX-2 of HCA-7 cells; the inhibition of COX-2-dependent PGE2 biosynthesis was assessed by preincubating HCA-7 cells with AA520 (10 μM), indomethacin (a time-dependent inhibitor of COX, 100 μM), aspirin (acetylsalicylic acid, ASA, 100 μM) (an irreversible inhibitor of COX, 100 μM), or ibuprofen (a reversible inhibitor of COX, 100 μM) for 30 min; then, AA (0.5 μM) was added, and the incubation continued for 30 min at 37°C. In other experiments, cells preincubated with the different compounds were washed three times with 3 mL of DMEM (without FBS), resuspended with medium (without FBS), and stimulated with AA, 0.50 μM for 30 min at 37°C. In both experimental conditions (without or with washing passages), PGE2 production was determined in the medium by a validated immunoassay as an index of COX-2 activity. Data are shown as % inhibition (versus vehicle), mean ± SEM, n = 6–8. The data were analyzed using a two-way ANOVA and Šídák’s multiple comparisons test; **P< 0.01 versus no washing condition.
We determined the kinetics of the interaction of AA520 on HCA7 cell COX-2. This involved assessing whether the interaction is rapidly reversible, time-dependent reversible, or irreversible. To achieve this, we compared the extent of PGE2 biosynthesis inhibition in cells exposed to the compound for 30 min and subsequently washed versus those not washed. Similar experiments were performed with ASA, an irreversible inhibitor of COX; indomethacin, a time-dependent/slowly reversible inhibitor of COX; and ibuprofen, a time-independent/rapidly reversible inhibitor of COX (Walker et al., 2001; Blobaum and Marnett, 2007; Vitale et al., 2013). As shown in Figure 6B, the inhibition of COX-2 activity by AA520 was not significantly affected by the washing of cells similar to ASA and indomethacin.
In contrast, washing the cells almost completely reversed the inhibition of ibuprofen. These results suggest that AA520 tightly interacts with COX-2, resembling the mechanism of indomethacin, i.e., slowly reversible inhibition. However, these results cannot exclude an irreversible interaction with the enzyme similar to the mechanism of inhibition by ASA. To clarify this issue, we performed docking studies.
3.7 Molecular basis of AA520 inhibitory activity on COX-2
To elucidate the molecular basis of the activity of AA520, computational studies were performed using the crystal structure of COX-2 in complex with celecoxib (PDB 3LN1) (Wang et al., 2010).
The COX active site comprises a predominantly hydrophobic channel that penetrates deeply into the catalytic domain. Although amino acid numbering for COX-1 is usually applied to COX-2, herein, we will retain the numbering of the selected COX-2 X-ray structure (PDB 3LN1). It is worth noting that the numbers of the amino acids in COX-2 are lower by 14 than those of the corresponding residues in COX-1. For instance, the catalytic tyrosine residue is 385 in COX-1 and 371 in COX-2. Based on AA binding, it is possible to divide the active site into different pockets. Residues R106, Y341, and E510 define a “constriction site” (Figure 7A), which opens up the so-called “lobby” (Rouzer and Marnett, 2020). These residues frequently interact with fatty acids or other polar functional groups of substrates or inhibitors. The central binding pocket, instead, contains the residues directly involved in catalysis (Y334, L338, Y371, W373, G512, and S516). COX-2 is known to have a larger binding cavity (Ahmadi et al., 2022), with a “side pocket” next to the active site comprising the amino acids V509, V420, L489, and R499 compared with COX-1, in which such amino acids are changed to I523, I434, F503, and H513, respectively. In particular, the smaller valine residue V509 in COX-2 is primarily responsible for the larger size of its active site. The side pocket is a key binding site exploited by many COX-2 selective inhibitors, including coxibs.
[image: Figure 7]FIGURE 7 | (A) Overview of the COX-2 (green ribbons) active site. Amino acids lining the different pockets are shown as white sticks and labeled. Amino acids lining the COX-2 “side pocket” are underlined. (B) Binding mode of compound AA520 (violet sticks) into COX-2 (green ribbons, PDB 3LN1), as predicted by IFD calculations. Only amino acids involved in pivotal contacts are displayed (white sticks) and labeled. H-bonds discussed in the text are depicted as dashed black lines.
The results of the IFD approach showed that AA520 fitted well within the COX-2 active site, stabilized by several interactions (Figure 7B; Supplementary Figure S1): the oxygen atom of the sulfonimide moiety was H-bonded with the side chain of R499, whereas the carbonyl oxygen accepted an H-bond from the side chain of Y101. In addition, R106 engaged a salt bridge with the negatively charged nitrogen atom of the sulfonimide moiety and a further H-bond with the oxygen atom of the phenoxy moiety. The ligand’s tail formed mainly hydrophobic interactions, with the distal p-chlorobenzoyl moiety establishing π−π stacking interactions with Y371 and W373. As described above, Y371 is a key catalytic residue that, during enzyme activation, donates an atom of hydrogen to heme (Rouzer and Marnett, 2020). On the other hand, W373 has been reported to possess a role in the correct positioning of AA within the active site by mutagenesis studies, suggesting that both steric bulk and hydrophobicity at this position are important (Thuresson et al., 2001).
The results of the MD simulations and clustering carried out on the COX-2/AA520 complex obtained by the IFD approach showed that the compound is well stabilized within the COX-2 binding site, assuming a horseshoe-shaped conformation within the constriction site and the central binding cavity (Figure 8A). The RMSD analysis of both protein and ligand revealed stable trajectories (Figure 8B). AA520 was further stabilized by a water molecule in its interaction with R106; also, a very strong H-bond with Y341 emerged during the simulation. The benzenesulfonamide head group slightly rearranged to form a cation-π interaction with R499, whereas the ligand’s tail group also engaged water-mediated H-bonds with Y371 and S516 through the carbonyl group.
[image: Figure 8]FIGURE 8 | (A) Binding mode of AA520 (violet sticks) into COX-2 after 100 ns MD. The representative structure from the most populated cluster is shown. Only amino acids involved in pivotal contacts are displayed (white sticks) and labeled. Waters that engage stable interactions are displayed as red spheres. (B) RMSD plot of the protein Ca (blue line) and ligand heavy atoms (red line) with respect to the initial MD frame taken as reference. (C) Histogram plot showing the protein interactions with the ligand monitored throughout the simulation.
In addition, in order to roughly estimate the binding affinity of AA520 with COX-2, we employed the Prime MMGBSA approach, which provides a useful method to approximate the free energy of binding between a protein and a ligand (Li et al., 2011). The above-described representative structure was used to run the calculation of Prime MM-GBSA; for AA520 we obtained a ΔGbind = −97.20 kcal/mol, suggesting a very favorable binding affinity, considering that for celecoxib we obtained a ΔGbind = −100.53 kcal/mol.
The binding mode of AA520 allowed us to shed some light on the exquisite COX-2 selectivity shown in inhibition assays. A primary determinant for selectivity seems to reside in the interactions formed by the benzenesulfonamide group with R499, which is replaced by histidine in COX-1. This latter would not be able to extend sufficiently to interact with this crucial ligand’s moiety. Worthy of note is the tight interactions formed with R106 (Figure 8C), a residue that is critical for the binding of classical NSAIDs bearing carboxylic acid moieties, such as indomethacin and flurbiprofen. In this regard, the binding mode of AA520 is very peculiar because it has, from one side, the key molecular interactions in common with selective COX-2 inhibitors, but still, some features recall the classical NSAIDs. For instance, NS-398 (Supplementary Figure S2A), one of the earliest COX-2 selective inhibitors, possesses a methanesulfonamide moiety interacting with the side chain of R120 (R106 according to the numbering employed herein), which has been indicated as a molecular determinant for time-dependent inhibition of COX-2 (Vecchio and Malkowski, 2011). NS-398 was initially expected to insert the methanesulfonamide moiety into the side pocket, similarly to the methylsulfone moiety of rofecoxib (Supplementary Figure S2B) however structural data proved that this group was, instead, positioned towards the constriction site. Compound AA520, thus, seems to recapitulate such behavior. In addition, the ability of AA520 to interact with R499, as observed for rofecoxib and other members of the coxib class, makes this ligand exquisitely selective. A good overlap between the phenyl ring, the lactone moiety of rofecoxib, and the p-chlorobenzoyl of AA520 within the central binding pocket could also be observed (Supplementary Figure S2B).
Lumiracoxib, reported to be the most potent COX-2-selective inhibitor in vivo (Blobaum and Marnett, 2007) lies within the central binding pocket. It has been found to interact with S516 and Y371 through its carboxylate moiety. These latter contacts have emerged from the MD simulation of AA520, highlighting the ability of this ligand to engage many critical interactions observed for potent and selective COX-2 inhibitors but also shared by classical NSAIDs.
The overlay of AA520 and indomethacin showed a certain overlap of their p-chlorobenzoyl groups (Supplementary Figures S2D, S3) as well as the 2′-methyl of indomethacin and the phenethyl linker of AA520. A hallmark of indomethacin inhibitory activity of COX enzymes is that it appears to be functionally irreversible; reversibility assays carried out by us in HCA7 cells confirmed this finding and displayed, for compound AA520, a behavior like indomethacin. Interestingly, the 2′-methyl group of indomethacin is projected in a pocket formed by V335, A513, S516, and L517 (Supplementary Figure S3). Mutations reducing the size of this pocket or removal of the 2′-methyl group convert indomethacin from a potent tight binding inhibitor to a rapidly reversible, weaker inhibitor (Prusakiewicz et al., 2004), suggesting that the interactions formed within this small and rather hydrophobic pocket may be involved in the formation of a tightly bound enzyme-inhibitor complex. Therefore, it is tempting to speculate that such a mechanism might also apply to AA520, being able to recapitulate such interaction patterns.
To sum up, AA520 selectivity and potency could mainly be ascribed to the benzenesulfonamide head group, which can engage both R106 and R499 (a key residue for COX-2 selectivity); the remainder of the ligand extends towards the central binding pocket, where it is stabilized by additional interactions, including the H-bonds with S516 and Y371, which are critical for binding of selective and potent inhibitors such as lumiracoxib.
3.8 Effects of AA520, GW6741 and rofecoxib on cell viability
We have previously demonstrated that AA520 exhibits antagonistic effects on PPARα using in vitro transactivation assay, with an IC50 of 0.80 ± 0.08 μM (mean ± SEM) (Ammazzalorso et al., 2016). Thus, we aimed to compare the effect of AA520 with a PPARα antagonist GW6471 (Xu et al., 2002) on the MTT cell viability/toxicity assay in HCA7 cancer cells. Moreover, we aimed to verify the contribution of COX-2 inhibition to this effect by coincubating GW6471 with rofecoxib.
As shown in Figure 9A, HCA7 cells express PPARα, and we have previously shown that the cells also express COX-2 (Hofling et al., 2022; Tacconelli et al., 2020b) and generate PGE2. GW6471, at 10 μM, reduced MTT in a time-dependent fashion. A nonsignificant effect on MTT response was found at higher concentrations of the compound (Figures 9B, C).
[image: Figure 9]FIGURE 9 | (A) Western blot analysis of PPARα in HCA7 cells. (B, C) Effect of GW6471 (a PPARα antagonist) on HCA7 cell viability. (B) GW6471 (10 and 25 μM) was added to HCA7 cells (4 × 103 cells/well), and an MTT assay was performed for up to 72 h of incubation; results are expressed as a percent of control (DMSO) (mean ± SEM, n = 10). (C) AUC values were assessed from 24 to 72 h, providing the mean and 95% CI.
The MTT reduction by GW6471 (10 μM) was not influenced by the coincubation with rofecoxib. We used a concentration of 10 μM of rofecoxib, which caused a selective maximal inhibition of COX-2 activity (Figure 3). The selective COX-2 inhibitor incubated alone did not affect MTT (Figures 10A, B).
[image: Figure 10]FIGURE 10 | Effect of Rofecoxib and GW6471 on HCA7 cell viability. (A) Rofecoxib 10 μM, GW6471 10 μM, or both compounds were added to HCA7 cells (4 × 103 cells/well), and an MTT viability assay was performed for up to 72 h of incubation; results are expressed as percent of control (DMSO) (mean ± SEM, n = 10). (B) AUC values were assessed from 24 to 72 h, providing the mean and 95% CI.
AA520 caused a maximal time-dependent MTT reduction at 1 μM, a concentration that inhibits PPARα and COX-2, at 72 h. This effect was reduced at higher concentrations (Figures 11A, B).
[image: Figure 11]FIGURE 11 | Effect of AA520 on HCA7 cell viability. (A) AA520 (1–100 μM) was added to HCA7 cells (4 × 103 cells/well), and an MTT viability assay was performed for up to 72 h of incubation; results are expressed as a percent of control (DMSO) (mean ± SEM, n = 10). (B) AUC values were assessed from 24 to 72 h, providing the mean and 95% CI.
Figure 12 reports the data found at 72 h of incubation. AA520 at 1 μM caused a more profound reduction of MTT than GW6471 (10 μM). Rofecoxib did not potentiate the MTT effect of the PPARα antagonism by GW6471. These data suggest that the contribution of PPARα antagonism is involved in the cytotoxic effect of AA520 in HCA7 cancer cells.
[image: Figure 12]FIGURE 12 | Comparison of the effects of AA520, rofecoxib, and GW6471 on HCA7 cell viability at 72 h. AA520 (1 or 10 μM), rofecoxib (10 μM), GW6471 (10 μM), or both rofecoxib and GW6471 were added to HCA7 cells (4 × 103 cells/well) for 72 h, and an MTT viability assay was performed; results are expressed as a percent of control (DMSO) (mean ± SEM, n = 10–20). The data were analyzed using a one-way ANOVA, followed by Dunnett’s or Tukey’s test; **P < 0.01 versus vehicle; §P< 0.01 vs. AA520 1 μM.
4 DISCUSSION
With an in silico approach, we identified a novel chemical scaffold that is highly selective and potent in inhibiting COX-2 activity in inflammatory and cancer cells. AA520 is a sulfonamide derivative of bezafibrate, and we have previously shown that it is also a potent antagonist of PPARα (Ammazzalorso et al., 2016). Thus, our compound is a unique molecule with dual inhibitory effects on COX-2 and PPARα at the same concentration range.
To characterize the pharmacological effects of AA520 on COX-isozymes, we have used human whole-blood assays (Patrignani et al., 1994; Tacconelli et al., 2020a). We also evaluated whether the compound inhibits other enzymatic and nonenzymatic pathways involved in AA metabolism (Mazaleuskaya et al., 2018). To this aim, we assessed the main prostanoids PGE2 and TXB2 and some of the HETEs in both the R and S configurations in LPS-stimulated whole blood using LC-MS/MS. Human whole blood associated with LC-MS/MS is appropriate for the characterization of the effect of drugs on bioactive eicosanoid lipidomics in vitro and ex vivo, and it is ideal for drug screening (Mazaleuskaya et al., 2018). It allows small sample sizes and reproducible measures of a broad spectrum of eicosanoids in human blood. This assay can capture drug-induced substrate rediversion and unexpected shifts in product formation by blocking microsomal prostaglandin E synthase-1 (mPGES-1) inhibitors (Cheng et al., 2006). It can identify drug off-target effects. It can detect an antioxidant effect by assessing the levels of HETEs generated from AA by auto-oxidation (Powell and Rokach, 2015).
AA520 resulted in a highly selective and potent inhibitory effect on leukocyte COX-2 activity. The compound was >697-fold more potent towards leukocyte COX-2 than platelet COX-1. The AA520s highly selective inhibitory effect on COX-2 is due to its bulky molecular structure, which makes it difficult to bind the narrow active site of COX-1. Our study examined how AA520 interacts with COX-2 in the human colon cancer cell line HCA7, which does not express COX-1 (Hofling et al., 2022; Tacconelli et al., 2020b). We found that the compound strongly binds to the active site of COX-2, and this binding persists even after extensive washing. This type of binding is like the slow, time-dependent inhibition kinetics seen with COX inhibitors like indomethacin (Blobaum and Marnett, 2007). The docking and molecular dynamics experiments further supported the results from our biochemical characterization studies. The main determinants of AA520 selectivity and potency reside in the benzenesulfonamide head group, which can interact with R106 and R499 (a key residue for COX-2 selectivity). In addition, the hydrophobic contacts with V335, A513, S516, and L517 (Supplementary Figure S3) are likely to form a tightly bound enzyme-inhibitor complex, recapitulating the indomethacin interaction pattern. Interestingly, the benzenesulfonamide head group of AA520 is also a key structural requirement for the antagonistic activity of PPARα, as shown by previous molecular modeling studies (Ammazzalorso et al., 2016). AA520, thus, might be able to induce a receptor’s conformation, which is prone to co-repressor recruitment. While derivatives bearing benzothiazole (Ammazzalorso et al., 2016) or benzoxazole (Moreno-Rodríguez et al., 2024) rings present a dual α/γ inhibitory profile, AA520 is selective for PPARα.
As AA520 acts with a dual action mechanism, the antagonism of PPARα and the inhibition of COX-2, it may present potential immunomodulating and antineoplastic activities (Wagner and Wagner, 2022; Wang and Dubois, 2010). The antitumor effects of COX-2 inhibition are well documented since PGE2 is involved in proliferation, migration, and immune escape (Patrignani and Patrono, 2015). A PPARα antagonism action can improve the anticancer effect of COX-2 inhibition. PPARα transcription factor regulates fatty acid oxidation and inflammation in many cancers (Varga et al., 2011). TPST-1120, an orally bioavailable, small molecule, selective, and competitive antagonist of PPARα, is in clinical development by Tempests Therapeutics (Stock 2017). TPST-1120 has shown promise in killing tumor cells and promoting tumor-specific immunity (Whiting et al., 2019). In an ongoing Phase Ib/II, open-label, multicenter, randomized umbrella study in participants with advanced liver cancers, positive results were obtained in combination with atezolizumab (an immune checkpoint inhibitor) and bevacizumab (an antiangiogenic drug) (https://clinicaltrials.gov/study/NCT04524871).
We have tested the impact of AA520 on the MTT assay, which evaluates cell metabolism by estimating mitochondrial NAD(P) H oxidoreductases or cytoplasmic esterase activities (Braissant et al., 2020). This assay assesses the reduction in the number of viable cells. However, we did not study whether the reduction of MTT was due to inhibition of cell metabolism and/or proliferation (cytostatic effect) or actual cell death (cytotoxic effect). Further studies should clarify this issue using different cancer cell lines.
AA520 at 1 μM at 72 h caused an approximately 50% reduction of the MTT response in HCA7 cells, which was significantly higher than that of PPARα antagonist GW6471 (10 μM) (Xu et al., 2002). Both AA520 and GW6471 decreased the effect on MTT when used at higher concentrations. Several explanations can be suggested, such as the antagonists’ loss of specificity towards PPARα at higher concentrations. However, AA520 effectively reduced cellular metabolic activity as an indicator of cell viability, proliferation, and cytotoxicity at the appropriate low concentration, affecting PPARα and COX-2 activity.
AA520 can reduce inflammation and pain associated with tumors that exhibit high expression of both PPARα and COX-2, such as advanced RCC (Chen et al., 2004; Abu Aboud et al., 2013), for which there are no effective therapies that prevent its progression. The compound can help alleviate pain linked to tumor metastases, whether used alone or in combination with antiangiogenic and immune checkpoint inhibitors (Song et al., 2020).
AA520 demonstrates high selectivity in inhibiting COX-2, leading to a gastrointestinal safety profile. However, further investigation is needed to understand the impact of the dual inhibitory activity against COX-2 and PPARα on the cardiovascular system. Ongoing studies aim to characterize its effect on the biosynthesis of vascular prostacyclin in experimental models.
In conclusion, considering the synergistic effect between PPARα and COX-2 inhibitors in limiting tumorigenesis, the development of molecules with a dual pharmacological target, i.e., COX-2 inhibitors and PPARα antagonists, is of clinical relevance. This strategy can provide several advantages over single-target inhibitors (Löscher, 2021): it can reduce the risk of drug resistance, achieve greater anti-tumor efficacy, and minimize adverse events by possibly requiring lower drug dosing during treatment.
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Introduction: Anandamide (AEA) is an endocannabinoid that has recently been recognized as a regulator of various inflammatory diseases as well as cancer. While AEA was thought to predominantly engage cannabinoid (CB) receptors, recent findings suggest that, given its protective anti-inflammatory role in pathological conditions, anandamide may engage not only CB receptors.Methods: In this study, we studied the role of exogenous AEA in a mouse AirPouch model of acute inflammation by examining immune cell infiltrates by flow cytometry. Human primary immune cells were used to validate findings towards immune cell activation and migration by flow cytometry and bead-based ELISA.Results: We found that AEA decreases the acute infiltration of myeloid cells including granulocytes and monocytes into the inflamed area, but unexpectedly increases the number of T cells at the site of inflammation. This was related to AEA signaling through nuclear receptor subfamily 4A (NR4A) transcription factors rather than CB receptors. Exploring regulatory mechanisms in the human system, we found that AEA broadly inhibits the migratory capacity of immune cells, arguing for blocked emigration of T cells from the inflamed tissue. Taking a closer look at the impact of AEA on T cells revealed that AEA profoundly alters the activation and exhaustion status of CD4+ T and CD8+ T cells, thereby strongly inhibiting TH17 responses, while not altering TH1 differentiation.Discussion: These data suggest that AEA has the potential to block chronic inflammation without influencing crucial anti-viral and anti-microbial immune defense mechanisms, and may therefore be an attractive molecule to interfere with the establishment of chronic inflammation.Keywords: AEA, endocannabinoids, T cells, inflammation, lipids
INTRODUCTION
Endocannabinoids are ligands of the G-protein-coupled endocannabinoid receptors CB1 and CB2 (Lu and Mackie, 2021). The most studied endocannabinoid is N-arachidonoylethanolamine (anandamide, AEA), which is synthesized de novo by cells in response to activation (Lu and Mackie, 2016). AEA has a low half-life in tissue as it is rapidly degraded by fatty acid amide hydrolase (FAAH), cyclooxygenase 2 (COX2), lipoxygenases (LOX) and cytochrome P450 (CYP) enzymes (Maccarrone, 2017).
CB receptors are also expressed outside the brain and elicit a broad spectrum of effects, among them modulation of inflammatory activity. In fact, genetic deletion of CB1 in mice has been shown to promote chronic heart failure (Liao et al., 2013), whereas CB2 results in an increased risk of atherosclerosis (Netherland et al., 2010) as well as cardiomyopathy (Duerr et al., 2014). Deletion of CB1 receptors in myeloid cells limits atherosclerosis development in male mice (Wang et al., 2024) and CB1 receptor activation promotes vascular smooth muscle cell proliferation and neo-intima formation (Molica et al., 2013). Although CB receptors are considered the predominant mediators of AEA signaling, it became clear that they are not the only signaling receptors responding to this nitro-lipid. In fact, extracellular AEA can also bind and activate the transient receptor potential vanilloid type-1 (TRPV1) and transient receptor potential ankyrin type-1 (TRPA1) channels as well as the G-protein coupled receptors GPR55 and GPR119 (Ligresti et al., 2016; Maccarrone, 2017; Pertwee et al., 2010; Zygmunt et al., 1999).
AEA is produced within the central nervous system (CNS), where it was shown to have anti-inflammatory and neuroprotective effects in the context of neuroinflammation (Eljaschewitsch et al., 2006). Moreover, AEA is known to reduce vascular, skin and endotoxin-induced inflammation (Martín Giménez et al., 2022; McCormick et al., 2023; Tomczyk et al., 2021) by acting on CB receptors, but also by triggering epigenetic changes (Martín Giménez et al., 2022). Various studies have demonstrated that AEA has oncoprotective activity against breast, prostate and non-melanoma skin cancers (Sarfaraz et al., 2008; Soliman and van Dross, 2016).
We recently identified that AEA elicits a strong anti-inflammatory effect in vascular smooth muscle cells (VSMCs), which was mediated by an epigenetic modulation through NCoR1 (Pflüger-Müller et al., 2020). Interestingly, we also observed that these effects of AEA require high concentrations and were not mediated by classic AEA receptors, like CB1 and CB2. This constellation may suggest an action of AEA through nuclear receptors (NR). NRs are proteins with transcription factor properties that are typically activated by lipophilic compounds (Frigo et al., 2021). After ligand binding and, if required, nuclear translocation, nuclear receptors, acting as mono or hetero- and homo-dimer, activate gene expression (Martínez-González et al., 2021). In addition to these classic hormone receptors, a broad spectrum of lipid receptors like peroxisome proliferator-activated receptor (PPARs) alter gene expression in response to some poly unsaturated fatty acids (PUFAs) and other ligands (O'Sullivan, 2007). Finally, orphan NRs exist and and some of them even lack a ligand binding site rendering their activity controlled through phosphorylation or abundance and subcellular localization (Mullican et al., 2013). Receptors of the NR4 class belong to the latter group, although more and more compounds are being identified, which appear to bind these receptors and increase their activity. Among them are signaling lipids like prostaglandin A2 or pharmacological compounds like CDIM12 or cytosporone B (Hammond et al., 2015; Rajan et al., 2020; Zhan et al., 2008). We recently reported that AEA binds and activates NR4A1 and NR4A2 to mediate an anti-inflammatory effect in vascular smooth muscle cells (VSMCs) (Teichmann et al., 2024). In fact, there is a good amount of data linking NR4 receptors to inflammatory control: In inflamed human synovial tissue, multiple sclerosis or atherosclerotic lesions, their expression is drastically increased (McMorrow and Murphy, 2011), while in mice, both loss of NR4A1 or NR4A2 was associated with increased inflammation (Bonta et al., 2006; Hamers et al., 2013). Moreover, NR4A receptors are rapidly and strongly induced by various inflammatory cytokines, suggesting a protective role in an acute scenario by helping to resolve inflammation through a negative feedback mechanism, aiming to restore homeostasis in the later stages of inflammation (Rodríguez-Calvo et al., 2017).
A limitation of our previous study on the AEA-mediated activation of NR4 receptors was, that the physiological relevance of the anti-inflammatory effect was only determined in organ culture of the isolated mouse aorta and cultured VSMC. In the present study we therefore set out to determine whether AEA also limits inflammation in vivo. Unexpectedly, we observed a strong, NR4-dependent effect of AEA on T-lymphocytes, which, among others, resulted in a prevention of differentiation towards a TH17 phenotype and rather maintained competence of the cells to respond to acute inflammatory stimulation.
MATERIALS AND METHODS
Animals
Global knockout mice for NR4A1−/−(Nur77), NR4A2−/− (Nur1) and double knockout for NR4A1/2−/− were generated by crossing NR4A1flox/flox (obtained from the Jackson Laboratory) or NR4A2flox/flox mice (kindly provided by Pierre Chambon (Sekiya et al., 2011), with CMV-GT-Rosa-CreERT2TG/0. All knockout animals were generated on the C57BL/6 background. Global deletion of NR4A1 (A1KO) and/or NR4A2 (A2KO) was induced by administering tamoxifen (400 mg/kg in chow) for 10 days, followed by a 14-day tamoxifen-free “wash-out” period. In this study, control animals (WT) are defined as littermates, which did not receive tamoxifen treatment with the chow. All animals had free access to chow and water in a specified pathogen-free facility with a 12 h light/dark cycle and all animal experiments were performed in accordance with the German animal protection law and were carried out after approval by the local authorities (Regierungspräsidium Darmstadt, approval number FU1268). Every mouse received an identification number for each experiment and the experimenter was blinded for the genotype. Animal group sizes differed due to number of available littermates.
Preparation of AEA micellar nanoformulations
AEA is an oily substance, which limits application in vivo and controlled absorption. Therefore, the compound was applied as nanoformulation. The preparation of the AEA micellar nanoformulations was carried out as previously described (Martín Giménez et al., 2023). Briefly, 30 mg of the commercial co-polymer Pluronic® F127 (PF127; BASF, CABA, Buenos Aires, Argentina) was accurately weighed and dissolved in 1 mL of Milli-Q water (Sigma-Aldrich, St. Louis, MO, USA) each. The mixture was continuously stirred at RT until homogeneous and a transparent dispersion was obtained. Subsequently, 750 µg of AEA, dissolved in absolute ethanol (using 15 µL of a commercial AEA ethanolic solution from Cayman Chemical, Ann Arbor, MI, USA), was incorporated (drop by drop) into the polymeric dispersion. Stirring was maintained until complete ethanol evaporation. AEA-free micellar nanoformulations of the PF127 polymer (Pluronic) served as control (CTL).
AirPouch model of acute inflammation
The AirPouch model (Paul-Clark et al., 2012; Pierron et al., 2023) was conducted on both tamoxifen-treated mice following intake and washout, as well as on untreated mice (CTL) that did not receive tamoxifen. Mice were anesthetized using isoflurane inhalation and placed on a heating pad to maintain body temperature. The dorsal skin region was shaved, and the skin was sterilized with 70% ethanol. An AirPouch was created by subcutaneous injection of 5 mL sterile air using a 23-gauge needle, followed by additional injects of 3 mL after 3 days to maintain the pouch. On day 6, 30 µg diclofenac and 10 µg AEA-Pluronic nanoparticles or Pluronic control nanoparticles without AEA (in 0.5 mL 0.9% NaCl) were injected into the pouch. Diclofenac was administered to avoid degradation of AEA by cyclooxygenases. After 1 h of pre-incubation, 1 mL of a 1% zymosan solution was injected into the pouch. After 6 h the pouch content was recovered by injection of 1 mL PBS into the pouch, massage and aspiration of the contained liquids. The concentration used for the final experiments was the result of a dose-escalation study on individual animals to determine an effective concentration.
Primary human macrophage generation, activation, and treatment
Human peripheral blood mononuclear cells were isolated from commercially available buffy coats from anonymous donors (DRK-Blutspendedienst Baden-Württemberg-Hessen, Institut für Transfusionsmedizin und Immunhämatologie, Frankfurt, Germany) using Ficoll density centrifugation. Peripheral blood mononuclear cells were washed twice with PBS containing 2 mM EDTA and thereafter incubated for 2 h under growth conditions in RPMI 1640 media supplemented with penicillin (100 U/mL) and streptomycin (100 μg/mL) to enable adherence to culture dishes (Sarstedt, Nümbrecht, Germany). Non-adherent cells were removed. Monocytes were differentiated into naïve macrophages with RPMI 1640 media (Gibco) containing 3% AB-positive human serum (DRK-Blutspendedienst Baden-Württemberg-Hessen, Frankfurt, Germany) for at least 7 days. Differentiated macrophages were exposed to media with 1% FCS overnight. The next day, cells were incubated in RPMI 1640 media with 1% FCS alone, with EtOH as solvent for 2 h, with 10 µM diclofenac (Sigma Aldrich) for 1 h, and treated with 10 µM AEA or EtOH as solvent for 2 h. Diclofenac was used to arrest the cyclooxygenase-mediated breakdown of AEA. After treatment, macrophages were incubated with 10 μg/mL Zymosan (Sigma Aldrich) for 6 h.
T cell isolation, activation and treatment
Primary human peripheral blood cells were isolated from buffy coats of anonymous donors (DRK-Blutspendedienst Baden-Württemberg-Hessen, Institut für Transfusionsmedizin und Immunhämatologie, Frankfurt am Main). T cells were isolated using the EasySep™ Human T Cell Isolation Kit (Stemcell Technologies) through negative selection. The purity of T cells was greater than 95%, as confirmed by flow cytometry. The cells were cultured at concentration 1 × 106 cells/mL in T-cell medium (RPMI 1640, penicillin (100 U/mL), streptomycin (100 μg/mL), FCS (10%), non-essential and essential amino acids (1%), sodium pyruvate (1%) and 1% 4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid (HEPES)). Cells were supplemented with human recombinant IL-2 (10 ng/mL; PrepoTech) at days 0, 2, and 4 and β-mercaptoethanol (50 μM; Gibco). Cells were cultured for up to 6 days. T cells were treated with Diclofenac for 1 h, Diclofenac and ethanol for 2 h, and Diclofenac and AEA for 2 h. After treatment, T cells were left unstimulated and stimulated with an anti-CD3/CD28/CD2 T cell activator (Stemcell) for up to 6 days. At the endpoint, supernatants were collected for cytokine measurement, and cells were analyzed by flow cytometry.
PBMC migration assay
The migration assay was performed using 6.5 mm diameter transwell cell culture inserts (5 µm pore size; Costar). Human PBMCs were isolated from the buffy coats by Ficoll density centrifugation, washed, counted, and incubated overnight in RPMI 1640 media with 10% FCS, human recombinant IL-2 (10 ng/mL), and β-mercaptoethanol (50 μM). The next day, 105 cells were seeded in the insert in serum-free medium. Prior to the migration assay, PBMCs were treated with AEA and Diclofenac or left untreated. Treated cells were used to migrate toward the medium with FCS. PBMCs that did not receive treatment were used for migration toward macrophage-derived supernatants, medium with AEA (EtOH as control), Diclofenac, and Zymosan (10 μg/mL). Cells were allowed to migrate for 3 h in cell culture. Afterwards, migrated and non-migrated cells were analyzed by flow cytometry. The percentage of migrated immune cells was determined by the ratio of migrated/non-migrated cells.
LegendPlex
The concentrations of CCL2, CCL20, CCL4, CCL17, CCL5, IL-8, CXCL1, CXCL10, and CXCL9 in macrophage supernatants were quantified using LegendPlex (BioLegend). Samples were analyzed via flow cytometry. Data were analyzed using FlowJo V.10 (Tree Star).
Cytometric bead array
IFN-γ, IL-10, IL-13, and IL-17A concentrations in the T cell-derived supernatants were quantified using Cytometric Bead Array flex sets (BD Bioscience). Samples were analyzed via flow cytometry. Data were analyzed using FlowJo V.10 (Tree Star).
Flow cytometry
Single-cell suspensions from air pouches were blocked with FcR blocking reagent (Miltenyi Biotec) in 0.5% PBS-BSA for 10 min, stained with fluorochrome-conjugated antibodies (Table 1) and analyzed on a FACSSymphony A5 flow cytometer (BD Biosciences). Live single cells were identified by FSC/SSC characteristics. Data were analyzed using FlowJo V10 (TreeStar).
TABLE 1 | Antibodies used for FACS analysis of AirPouch samples.
[image: Table 1]T cells and PBMCs were harvested, pelleted by centrifugation, blocked with an FcR blocking reagent (Miltenyi Biotec) in 0.5% PBS-BSA, stained with fluorochrome-conjugated antibodies (Tables 1, 2), and analyzed on a FACSymphony A5 flow cytometer (BD Biosciences). Data were analyzed using FlowJo V.10 (TreeStar).
TABLE 2 | Antibodies used for FACS analysis of migration and T-cell activation assays.
[image: Table 2]All antibodies and secondary reagents were titrated to determine optimal concentrations. Comp-Beads (BD) were used for single-color compensation to create multicolor compensation matrices. For gating, fluorescence minus one controls were used. The instrument calibration was controlled daily using Cytometer Setup and Tracking beads (BD Biosciences). To determine the actual number of cells, counting beads were used (Bangs Laboratories).
Statistical analysis
All experiments were independently performed at least three times as indicated by the number (n) in the respective figure legend. Statistical analysis was performed using Prism 10.1.2. Shapiro-Wilk tests were used to test for normal Gaussian distribution. A paired two-tailed Student’s t-test was used to calculate statistically significant differences between two groups of human immune cells. A one-sample Student’s t-test was used to calculate statistically significant differences between normalized data. ANOVA followed by Tukey’s test or Student’s t-test was used to evaluate statistical significance in murine data. Values of p ≤ 0.05 were considered significant. All data are expressed as mean ± standard error of mean (SEM).
RESULTS
Anandamide increases T-cell but reduced granulocyte infiltration in the airpouch model
To determine a potential anti-inflammatory effect of AEA in vivo the AirPouch model of acute inflammation was used. AEA nanoformulations or nanoformulation control were injected into the pouch followed by Zymosan stimulation. Subsequently accumulation of inflammatory cells in the pouch was determined. As compared to control, the number of neutrophils and eosinophils was significantly lower in the AEA group. A similar trend existed for monocytes, but did not reach statistical significance. In contrast to this, the number of T cells as well as dendritic cells (DCs) recovered from the pouch was significantly higher in the AEA group as compared to the control group (Figure 1). Thus, AEA treatment reduced myeloid cell infiltration in the pouches, while the number of invaded T cells, which are typically involved in the later immune response, was increased by AEA.
[image: Figure 1]FIGURE 1 | AEA increases T-cell number in AirPouch exudates in response to zymosan. Analysis of cellular infiltrate in murine AirPouch exudates after control (CTL) or AEA nanoformulation (AEA) pre-treatment (1 h) followed by zymosan stimulation (6 h) in mice. Each data point represents an animal showing the total number of cells recovered by FACS analysis. Mann-Whitney test. n = 4–8. *p < 0.05.
Anandamide directly decreases chemokine levels in Zymosan treated human macrophages
To determine potential mechanisms explaining the findings in the AirPouch model, human primary immune cells were used. First, the impact of AEA on chemokine production by Zymosan-activated primary human macrophages was tested, since local macrophages are the first responders to Zymosan and affect recruitment of further immune cells, among other mechanisms by producing chemokines. Human macrophages were exposed to a medium containing 1% FCS overnight, followed by AEA treatment and activation with Zymosan. Initially, AEA was used at a concentration of 10 nM or 10 µM. However, 10 nM AEA did not have any impact on chemokine levels. When looking at overall chemokine levels, AEA at 10 µM did not significantly change the chemokine production in Zymosan-activated human macrophages (Figure 2; Supplementary Figure S1) due to high variability in chemokine levels between donors. However, when data were normalized, a decreased expression of CCL2 (Figure 2A), CCL4 (Figure 2B), and CCL20 (Figure 2C) in the presence of AEA compared to the Diclofenac and solvent controls (CCL2, CCL4, and CCL20), or only compared to solvent control (CCL20), was noted. Additionally, AEA decreased the production of CCL17 (Figure 2D) compared to Diclofenac and the solvent, even though the changes were minor. The expression of the remaining chemokines was consistent among control and treated groups (Supplementary Figure S1). These data suggest that high concentrations of AEA reduce the expression of chemokines, which participate in attracting cells to the site of inflammation. These findings, while being in line with reduced myeloid cell numbers, did not explain increased T cell numbers in the AirPouch model after AEA treatment. To investigate, whether changes in chemokine production directly alter the migratory capacity of immune cells, a boyden chamber assay was performed in which human PBMCs were allowed to migrate towards a supernatant derived from Zymosan-activated macrophages macrophages that were treated with either solvent controls or AEA. However, leukocyte migration towards supernatants derived from macrophages was not affect, whether they were treated with AEA or left untreated (data not shown). Unexpectedly, also CCR6+ CD4+ T cells and CCR6+ CD8+ T cells, as responders to CCL20, did not show altered migration towards supernatants from the AEA-treated as compared to control-treated macrophages. In addition, conditioned media of AEA-treated macrophages as compared to control conditions did not alter the migration capability of CCR2+ cells (data not shown). Taken together, AEA reduced the levels of the chemokines CCL20, CCL4, CCL2, and CCL17 in Zymosan-activated macrophages, but this did not directly impact immune cell migration.
[image: Figure 2]FIGURE 2 | AEA reduces chemokine production in Zymosan-activated Macrophages. Human primary macrophages were treated with ethanol (EtOH), Diclofenac and EtOH (Dic), or and AEA (10 µM) with Diclofenac (AEA), and were subsequently stimulated with Zymosan for 6 h. The concentrations of CCL2 (A), CCL4 (B), CCL20 (C), and CCL17 (D) were determined by LegendPlex assay. Besides raw data, normalized data of Zymosan-activated cells is shown. Data are from three independent experiments, with at least 2 donors each. Each data point corresponds to a single donor (n = 7). Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; p-values were calculated using two-way ANOVA or one-sample t-test.
The presence of AEA suppresses the migration of human immune cells
To explore a direct effect of AEA on human PBMC migration, the Boyden chamber migration assay was employed to allow PBMCs to migrate towards media containing solvent (CTL), AEA, Zymosan, and AEA + Zymosan. Diclofenac was present in each group to prevent cyclooxygenase-mediated breakdown of AEA. Media with and without FCS were used as positive and negative controls respectively, and the proportion between migrated and non-migrated immune cells was determined by flow cytometry (Supplementary Figure S2). The presence of AEA alone decreased the migration rate of immune cells, while AEA in combination with Zymosan increased the percentage of migrated cells (Figures 3A, B). These data suggest that AEA can have a multifaceted role in immune cell migration. Similarly, the presence of AEA alone in the bottom chamber also decreased the migration rate of B cells (Figure 3C). AEA alone and in combination with Zymosan reduced the migration of NK cells (Figure 3D) and the cytotoxic NK cell subset (CD56dim CD16hi) (Figure 3E). However, there was no difference between groups in the migration rate of the CD56hi CD16dim NK cell subpopulation (Figure 3F). Importantly, the addition of AEA alone or together with Zymosan did not alter the migration rate of T cells per se (Figure 3G). However, there was a tendency for a reduced number of migrated CD4+ T cells (Figure 3H) towards AEA in combination with Zymosan, while AEA did not have impact on the migration rate of CD8+ T cells (Figure 3I) and CCR6+ CD4+ T cells (Figure 3J). When looking at myeloid cells, AEA did not affect the migration of myeloid cells per se (Figure 3K), as well as that of myeloid subsets such as classical monocytes (Figure 3L), intermediate monocytes (Figure 3M), mDCs (Figure 3N), and activated mDCs (Figure 3O). The migration of myeloid CD33low cells (Figure 3P), and CD195 (CCR5)+ myeloid CD33low cells (Figure 3Q), which may correspond to CD33+ NK cells, was decreased by AEA without the presence of Zymosan. Together, these data demonstrated that AEA directly affects migration of certain immune cell subsets, despite being applied at the site towards which the cells migrate.
[image: Figure 3]FIGURE 3 | AEA and Zymosan together alter immune cell migration. Human PBMCs were kept for 3 h to migrate toward media without FCS (-FCS), with FCS (+FCS), AEA (10 µM), Zymosan, or AEA (10 µM) and Zymosan. All groups except positive and negative controls contained Diclofenac (10 µM). The numbers of migrated cells were measured by flow cytometry. The percentage of migrated live cells (A), leukocytes (B), B cells (C), NK cells (D), CD56dim CD16hi NK cells (E), CD56hi CD16dim NK cells (F), T cells (G), CD4+ T cells (H), CD8+ T cells (I), CCR6+ CD4+ T cells (J), myeloid cells (K), classical Monocytes (L), intermediate Monocytes (M), mDCs (N), activated mDCs (O), myeloid CD33low cells (P), and CD195+ myeloid CD33low cells (Q) was calculated by the ratio of migrated/non-migrated cells. Data are from three independent experiments, with 2 donors each. Each data point corresponds to a single donor (n = 6). Data are shown as mean [image: image] SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; p-values were calculated using one-way ANOVA with Tukey correction, paired t-test and Wilcoxon signed-rank test for non-parametric data.
Anandamide stimulation alters the migratory capacity of human immune cells
Next, we tested whether or not pre-incubation of PBMCs with AEA would affect their ability to migrate towards FCS. Cells were pre-treated for 1 h with Diclofenac and for 2 h with AEA. Again, media with and without FCS were used as positive and negative controls respectively, and flow cytometry was employed to measure the migration rate of major immune cell populations. AEA dramatically reduced the migration rate of the cells studied including leukocytes (Figures 4A, B), B cells (Figure 4C), NK cells (Figure 4D) and cytotoxic NK cells (Figure 4E), while NK cell precursors treated with AEA demonstrated a tendency to reduced migration rate (Figure 4F). Importantly, pretreatment with AEA reduced migration of T cells (Figure 4G), where particularly the migration of CD8+ T cells (Figure 4I) treated with AEA was significantly reduced, while CD4+ T cells (Figure 4H) and CCR6+ CD4+ T cells (Figure 4J) did not respond to AEA treatment. Similarly, classical monocytes (Figure 4K), activated mDCs (Figure 4L), mDCs (Figure 4N), and myeloid CD33low cells (Figure 4O) treated with AEA showed a tendency towards lower migration rates. There was no difference in migrated cell number in myeloid cells (Figure 4M), CD195+ myeloid CD33low cells (Figure 4P), and intermediate monocytes (Figure 4Q) between groups. Collectively, these data indicate that AEA has a direct impact on immune cells and impairs their migration ability. Moreover, the data suggest that the increase in T cells in the animal model is not a consequence of an increased recruitment by AEA. Rather, AEA might block emigration of cells towards the lymphatics.
[image: Figure 4]FIGURE 4 | AEA treatment reduces immune cell migration. Human PBMCs were pre-treated with ethanol (EtOH), Diclofenac and EtOH (Dic), and AEA (10 µM) with Diclofenac (AEA). Medium without (-FCS) and with FCS (+FCS) were used as negative and positive controls. The numbers of migrated cells were measured by flow cytometry and represent three independent experiments. The numbers of live cells (A), leukocytes (B), B cells (C), NK cells (D), CD56dimCD16hi NK cells (E), CD56hiCD16dim NK cells (F), T cells (G), CD4+ T cells (H), CD8+ T cells (I), CCR6+ CD4+ T cells (J), classical monocytes (K), activated mDCs (L), myeloid cells (M), mDCs (N), myeloid CD33low cells (O), CD195+myeloid CD33low cells (P), and intermediate monocytes (Q) was calculated by the ratio of migrated/non-migrated cells and normalized to EtOH. Data are from three independent experiments, with 2 donors each. Each data point corresponds to a single donor (n = 6). Data are shown as mean [image: image] SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; p-values were calculated using one-sample t-test.
AEA substantially affects proliferation, activation, and exhaustion status of CD4+ T cells
Following the findings that AEA altered T cell migration in mouse and human systems, the question whether or not AEA may affect the T cell phenotype at sites of inflammation was studied. Bead-isolated human T cells were treated with AEA or control and were afterward activated with CD3/CD28/CD2 activator cocktail for 5 days. Using flow cytometry, the expression levels of chemokine receptors (CCR6, CCR2, CXCR3, CXCR4), activation markers (CD25, CD38, CD69), and exhaustion markers (TIGIT, LAG3, PD1) were measured (Supplementary Figures S3, S4). Similar to the macrophage experiments, AEA was tested at concentrations 10 nM and 10 µM. Anandamide at lower concentrations did not have any impact on T cell activation, proliferation, and maturation status. However, a marked reduction in T cell cluster formation was observed (Figure 5A) when the cells were treated with 10 µM AEA. In contrast, the percentage of live T cells increased in the presence of AEA (Figure 5B). Both parameters indicate reduced T cell activation. There was no difference in clusters and live cell numbers between groups in non-activated T cells. Addition of AEA decreased percentage of CD4+ T cell among non and activated cells (Figure 5C). Surprisingly, a significant reduction in non-activated Th17 cells treated was observed in the AEA treated group (Figure 5D). Additionally, AEA decreased the percentage of activated TIGIT+CD4+ T cells (Figure 5E). AEA also reduced the expression of CD38 and CD25, both in activated and non-activated CD4+ T cells (Figures 5F, G). No alterations were identified in CCR2+ CD4+ T cells, LAG3+ CD4+ T cells, Th1 cells, and Th2 cells (Supplementary Figure S5). These data demonstrated that AEA decreases the activation and exhaustion status of CD4+ T cells and reduces the number of Th17 cells.
[image: Figure 5]FIGURE 5 | AEA dramatically alters the proliferation, activation and exhaustion profiles of CD4+ T cells. Human isolated T cells were pre-treated with ethanol (EtOH), Diclofenac and EtOH (Dic), and AEA (10 µM) with Diclofenac (AEA), and were activated or remained inactivated for up to 6 days. Cells were measured by flow cytometry. Percentage of cell clusters (A), live cells (B), CD4+ T cells (C), Th17 cells (D), TIGIT+CD4+ T cells (E), CD25+ CD4+ T cells (F), and CD38+CD4+ T cells (G) are shown. Data are from three independent experiments, with at least 3 donors each. Each data point corresponds to a single donor (n = 11). Data are shown as mean [image: image] SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; p-values were calculated using two-way ANOVA with Tukey correction.
AEA alters the proliferation, activation and exhaustion status of CD8+ T cells
The impact of AEA on CD8+ T cells was measured alongside CD4+ T cells. By contrast, AEA was found not to alter the percentage of CD8+ T cells (Figure 6A). When looking closer at CD8+ T cell activation and exhaustion status, PD1+ CD8+ T cells (Figure 6B), TIGIT+ CD8+ T cells (Figure 6C), CD38+ CD8+ T cells (Figures 6F, H), and CD69+ CD8+ T cells (Figures 6G, H) populations were significantly decreased following AEA and activator addition. Similarly, to CD4+ T cells, a reduced Tc17 cells percentage in the AEA group in non-activated cells was observed (Figure 6D). Moreover, AEA presence decreased the Tc1 percentage in the non-activated group (Figure 6E). There was no observable effect on CCR2+ CD8+ T cells, LAG3+ CD8+ T cells, and Tc2 cells (Supplementary Figure S5). Taken together, these data demonstrated that AEA reduces the number of activated and exhausted CD8+ T cells and limits CD8+ T cell subsets such as Tc1 and Tc17 cells.
[image: Figure 6]FIGURE 6 | AEA has an impact on the proliferation, activation and exhaustion profiles of CD8 T cells. Human isolated T cells were pre-treated with ethanol (EtOH), Diclofenac and EtOH (Dic), and AEA (10 µM) with Diclofenac (AEA), and were activated or remained inactivated for up to 6 days. Cells were measured by flow cytometry. Percentage of CD8+ T cells (A), PD1+ CD8+ T cells (B), TIGIT+ CD8+ T cells (C), Tc17 cells (D), Tc1 cells (E), CD38+ CD8+ T cells (F), and CD69+CD8+ T cells (G) are shown. (H) Representative FACS plot of CD69+CD8+ T and CD38+CD8+ T cells. Data are from three independent experiments, with at least 3 donors each. Each data point corresponds to a single donor (n = 11). Data are shown as mean [image: image] SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; p-values were calculated using two-way ANOVA with Tukey correction.
Anandamide reduces the expression of IL-10, IL-17a, and IL-13 in activated human T cells
Based on Anandamide altering T cell activation surface markers, we further investigated if it would affect T cell cytokine production. To test this, we collected supernatants after T cells were treated with AEA and activated for 6 days. Despite reduced activation observed by flow cytometry, there was no significant difference in interferon-γ (IFN-γ) secretion (Figure 7A). However, we found a dramatic reduction in IL-10, IL-13, and IL-17A cytokine production following AEA and activator addition (Figures 7B–D). These data confirmed that AEA has an impact on T cell activation. Particularly, AEA decreases the production of Th2 and Th17 cytokines, but does not alter the Th1 cytokine IFN-γ. Previous studies showed that AEA at already low concentrations engages CB2 receptors in immune cells altering cell activation and differentiation (Cencioni et al., 2010). Therefore, we measured IL-10, IL-17A, IL-13, and IFN-γ cytokine production in activated T cells treated with AEA at concentrations of 10 nM, 100 nM, and 1 µM (data not shown), which would be sufficient for CB receptor engagement. However, we did not observe any effect in cytokine production when T cell were treated with lower concentrations of AEA. These data suggest a shift in T cell activation profiles rather than a global suppression of T cell activation by AEA. While AEA exhibits its central effects primarily through Gi-coupled cannabinoid receptors CB1 and CB2 receptors which are activated already at nanomolar concentrations (Munro et al., 1993), the lack of an anti-inflammatory effect at such a low concentration suggests alternative receptors with lower sensitivity like intracellular receptors. These require efficient cellular uptake and thus particularly high extracellular concentrations (Teichmann et al., 2024).
[image: Figure 7]FIGURE 7 | AEA reduces the levels of IL-10, IL-13, and IL-17A in activated human T cells. Human isolated T cells were pre-treated with ethanol (EtOH), Diclofenac and EtOH (Dic), and AEA (10 µM) with Diclofenac (AEA), and were activated or remained inactivated for up to 6 days. Supernatant was harvested and cytokines were measured using Cytometric Bead Array by flow cytometry. The concentrations of IFN-γ (A) IL-10 (B), IL-13 (C), and IL-17A (D) are shown. Data are from three independent experiments, with at least 3 donors each. Each data point corresponds to a single donor (n = 11). Data are shown as mean [image: image] SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001; p-values were calculated using two-way ANOVA with Tukey correction.
Anandamide increases T-cell through NR4A1
Based on our previous study suggesting that NR4A1 and NR4A2 may contribute to the signaling of AEA, and the importance of the NR4A family in T cell biology (Odagiu et al., 2020), the effect of genetic deletion of each receptor or both in combination was determined in the AirPouch model. Deletion of any of the two receptors blocked the effect of AEA. NR4A1 and NR4A2 deficient, as well as double knockout mice, did not exhibit a significant decrease in neutrophil or eosinophil accumulation. Although not statistically significant, it appeared that knockout of each receptor partially attenuated the response of AEA with the double knockout mouse exhibiting the strongest, indicating additive reduction (Figure 8).
[image: Figure 8]FIGURE 8 | AEA increases T-cell number through NR4A receptors in the AirPouch Zymosan model. Analysis of cellular infiltrate in murine AirPouch exudates after control (CTL) or AEA nanoformulation (AEA) pre-treatment (1 h) followed by zymosan stimulation (6 h) in mice inheriting a knockout for NR4A1−/− (A1KO), NR4A2−/− (A2KO) or double knockout for NR4A1/2−/−, compared to control mice (also shown in Figure 1). Mice without knockout on the floxed/cre background served as control (WT). Each data point represents an animal showing the total number of cells recovered by FACS analysis. 1-way ANOVA and Mann-Whitney test. n = 4–8. *p < 0.05.
Double knockout of NR4A1 and NR4A2 also prevented the AEA-induced increase in T cell and dendritic cells. A similar effect was observed in NR4A1 KO mice. In NR4A2 KO mice, AEA still induced an increase in T cells and dendritic cells, which for T cells did, however, not reach the significance level with the group size present (Figure 8). Collectively, these data suggest that AEA elicits an inhibitor effect on granulocyte accumulation in the AirPouch model by NR4A1 and NRA2, whereas it increases T cell and dendritic cell accumulation through NR4A.
DISCUSSION
Anandamide was the first endocannabinoid described to activate CB1 and CB2 receptors. AEA is pivotal in regulating inflammation as indicated by recent studies showing that AEA administration lessens inflammation and improves survival scores in various inflammatory murine models (Berg et al., 2023; Sultan et al., 2021). Nevertheless, its impact on immune cell migration and activation in murine and human systems remain controversial. We found in this study that AEA application in the Zymosan AirPouch mouse model decreases the infiltration of neutrophils, eosinophils, and monocytes to the site of inflammation, and elevates the number of T cells in the Zymosan-enriched area. To explore this issue, we employed a human in vitro system to gain a better understanding of the immune cell migration process.
It was shown that cannabinoids can have anti-inflammatory effects on primary human macrophages (Gojani et al., 2023) and activated microglial cells (Rodrigues et al., 2024). Moreover, Leuti et al. showed that AEA promotes pro-resolving mechanisms in human macrophages by binding to CB2 and GPR18 receptors (Leuti et al., 2024). In our study AEA impaired chemokine production in Zymosan-activated macrophages, particularly of CCL2, CCL4, CCL17, and CCL20. Together, these chemokines are responsible for myeloid and lymphocyte cell infiltration into the sites of inflammation, suggesting that AEA can reduce severity in the acute phase of inflammatory diseases. In particular, CCL2 plays a crucial role in the attraction of various immune cell subsets (monocytes, memory T cells, and DCs) to the inflamed region by engaging the CCR2 receptor (Gschwandtner et al., 2019). CCL4 is known to be a pro-inflammatory chemokine and one of the main chemoattractants for CD8+ T cells (Castellino et al., 2006). Similarly, Th2 cells accumulate in response to CCL17 via the CCR4 receptor, contributing to allergic pathological conditions (McIlroy et al., 2006). The reduced level of CCL20 upon AEA treatment is of particular interest, given that CCL20 is the major chemokine for Th17 migration to the inflammatory milieu by engaging its receptor CCR6 on the Th17 cell surface, and the CCR6-CCL20 axis is involved in the pathogenesis of various chronic inflammatory and autoimmune diseases (Meitei et al., 2021). It was previously shown that AEA is responsible for keratinocyte-dependent inhibition of Th1 and Th17 polarization (Chiurchiù et al., 2016). An inhibitory role of AEA on chemokine production was described previously. AEA reduced the production of CXCL8 in monocyte-derived Langerhans cells induced by TLR7/8 (Pénzes et al., 2024), and CCL2 levels in vascular smooth muscle cells (Pflüger-Müller et al., 2020) and keratinocytes (McCormick et al., 2023). The current study adds to these data by showing that AEA alters the expression of CCL2, CCL4, CCL17, and CCL20 in human macrophages that are activated via TLR2 and TLR6 signaling pathways.
AEA alone or in combination with Zymosan was found to inhibit the migration of B cells and NK cell subsets. Based on the observations that B cells and NK cells exposed to AEA exhibit reduced migration, we can conclude that AEA directly influences these lymphocyte populations by impairing their motility. Previous studies have shown that lower concentrations of AEA decrease NK cell cytotoxic activity in vitro (Lissoni et al., 2008), but did not affect NK cell line motility (Kishimoto et al., 2005). Research on the effect of cannabinoids and ECS on B cells is limited. A recent study showed that cannabinoids have a dramatic effect on the cytokine profile of B cells, and reduce the number of IgM+/IgG+ cells (Lampron et al., 2023). Also, Tetrahydrocannabinol (THC) and AEA were shown to decrease antibody formation in plaque-forming cell assays (Eisenstein et al., 2007). Intriguingly, the endocannabinoid 2-AG induced B cell migration among murine splenocytes in vitro (Alberich Jordà et al., 2002). The present data add to these findings, by showing that AEA directly influences NK and B cell migration, which can be important to further investigate the impact of AEA in the fields of autoimmune disease and cancer.
Previous studies have investigated an impact of AEA on T cell activation and cytokine production in vitro both in human and murine settings (Cencioni et al., 2010; Ribeiro et al., 2010; Sultan et al., 2021). Similar to prior findings (Cencioni et al., 2010), we confirm that AEA decreased the production of IL-17A in activated human T cells. Nevertheless, we did not observe reduced levels of IFN-γ upon AEA treatment. By contrast, we determined that AEA does not have any impact on IFN-y production, while it dramatically decreased IL-10 and IL-13 in T cell-derived supernatants. This indicates that AEA possibly alters Th2, Th17, and Treg differentiation, while Th1 differentiation remains unchanged. Differences to previous studies can be explained due to the different functional read-outs. The present study focused on T cell differentiation (culture of activated T cells for 6 days) rather than acute cytokine production in activated T cells triggered by protein kinase C activation as determined before (Cencioni et al., 2010). Previously, it was shown that AEA is oxidized by COX-2 (Yu et al., 1997). Here, the COX-2-dependent breakdown of AEA was blocked, enabling longer culture protocols.
Surprisingly, given the selected changes in cytokine production, T cell activation as determined by cell cluster formation and increased numbers of live activated T cells death (Green et al., 2003) was broadly reduced upon AEA administration. Additionally, the expression of activation receptors on the T cell surface was dramatically decreased in the presence of AEA. Decreased CD25, but not CD69 expression on CD4+ T cells treated with AEA was described before (Sultan et al., 2021). The findings described in here add that AEA also decreased CD38 expression on CD4+ T cells, as well as CD38 and CD69 expression on CD8+ T cells.
Recently, there has been a growing interest in the role of endocannabinoids and cannabinoids in tumor progression and their impact on the efficacy of immunotherapeutic drugs (Sarsembayeva and Schicho, 2023). AEA was previously shown to reduce the effect of PD-1 antibodies in tumor mouse models (Xiong et al., 2022). This work shows that AEA decreases the expression of PD-1 on the surface of activated CD8+ T cells, and TIGIT on the surface of activated CD4+ T and CD8+ T cells. TIGIT is known to inhibit anti-tumor immunity (Tang et al., 2023). Thus, these data may shed light on the involvement of endocannabinoids and possible therapeutic approaches for cancer treatment.
Beside cancer, the data present here provide insights into a potential role of AEA in acute and chronic inflammatory settings. Given the contrast between murine data and results derived from migration assays and T cell activation, the increased number of T cells in the AirPouch model can be explained by their reduced activation status and motility, which causes the T cells to be retained at the site of inflammation, instead of remigrating towards lymphatics. This is consistent with data on DCs in the AirPouch model since these cells follow comparable chemokine gradients towards the lymphatics compared to T cells (Johnson and Jackson, 2014). Granulocytes and myeloid cells are recruited to an inflamed region before lymphocyte recruitment, since these cells are responsible for the first line defense. Thus, AEA would act on recruitment of these myeloid cells from the circulation at the early time point employed in the AirPouch model in this study, but not on lymphocyte recruitment, rather acting on tissue-resident lymphocytes (Ziessman et al., 2006). T cells accumulating locally upon AEA treatment likely experience altered activation and, subsequently exhaustion due to AEA. Previously, it was shown that proliferation of T cells toward Th17 cells is inhibited by AEA (Cencioni et al., 2010). By contrast, polarization toward the Th1 phenotype was facilitated indirectly via AEA (Pénzes et al., 2024). These findings of a preserved Th1, but blocked Th17 differentiation are supported by the data presented herein. Thus, T cells accumulating locally under the influence of AEA appear to remain competent in fighting infection, while chronic inflammatory responses are prevented. These features position AEA as a player promoting resolution of infection and inflammation, by ensuring the removal of the inflammatory trigger but blocking chronification of inflammation. This is supported by the findings that AEA blocked the expression of CCL20, a major Th17 chemokine. Overall, AEA emerges as a negative regulator of chronic inflammatory T cell activation and recruitment.
The following experiments with NR4A1 and NR4A2 KO mice in the AirPouch model demonstrated that AEA engaging NR4A1 and NR4A2 receptors is responsible for decreased eosinophils and via NR4A1 increased T-cell and DC accumulation. Previous data showed that NR4A1 upregulation caused T cell dysfunction (Liu et al., 2019). Whether this is connected to the action of AEA remains to be determined in future studies. Taken together, the data presented here demonstrate that AEA has a strong inhibitory effect on T cell activation, while increasing the number of T cells at the site of inflammation via the NR4A1 receptor. A deeper understanding of the mechanisms underlying the interaction between AEA and nuclear receptors in T cells may shed light on therapeutic uses for AEA in chronic inflammatory disease settings.
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Inflammation plays a critical role in the pathogenesis of various diseases by promoting the acquisition of new functional traits by different cell types. Shared risk factors between cardiovascular disease and cancer, including smoking, obesity, diabetes, high-fat diet, low physical activity, and alcohol consumption, contribute to inflammation linked to platelet activation. Platelets contribute to an inflammatory state by activating various normal cells, such as fibroblasts, immune cells, and vascular cells. This activation is achieved by releasing diverse molecules from platelets, including lipids (eicosanoids), growth and angiogenic factors, and extracellular vesicles (EVs) rich in various RNA species. Antiplatelet agents like low-dose aspirin can prevent cardiovascular disease and cancer by inhibiting platelet functions beyond the antithrombotic action. Throughout the initial phases of tumorigenesis, the activation of platelets induces the overexpression of cyclooxygenase (COX)-2 in stromal cells, leading to increased biosynthesis of prostaglandin (PG)E2. This prostanoid can contribute to tumor development by inhibiting apoptosis, promoting cancer cell proliferation and migration, and immune evasion. Notably, platelets induce the epithelial-mesenchymal transition (EMT) in tumor cells, enhancing their metastatic potential. Two platelet eicosanoids, PGE2 (generated as a minor product of COX-1) and 12S-hydroxyeicosatetraenoic acid (HETE) [derived from the platelet-type 12-lipoxygenase (LOX)], contribute to EMT. In addition to the pharmacological inhibition of eicosanoid biosynthesis, a potential strategy for mitigating platelet-induced metastasis might encompass the inhibition of direct interactions between platelets and cancer cells. For example, there is promise in utilizing revacept to inhibit the interaction between platelet collagen receptors (particularly GPVI) and galectin-3 in cancer cells. Identifying these novel platelet functions suggests the potential application of antiplatelet agents, such as low-dose aspirin, in mitigating cancer risk, particularly in the case of colorectal cancer. It is necessary to investigate the effectiveness of other antiplatelet drugs, such as ADP P2Y12 receptor antagonists, in cancer prevention. Other new antiplatelet drugs, such as revacept and selective 12-LOX inhibitors, currently under clinical development, are of interest due to their low risk of bleeding. Platelets and EVs carry important clinical information because they contain specific proteins and RNAs associated with disease conditions. Their analysis can improve the accuracy of liquid biopsies for early cancer detection, monitoring progression, and assessing drug response.
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INTRODUCTION
The cellular components involved in the process of inflammation
Acute inflammation is a highly regulated physiological process essential in defending the body against various external and internal threats. Any disruption in tissue homeostasis triggers the activation of innate immune cells, which form the first line of defense intended to restore the affected tissue (Delves and Roitt, 2000). The primary inflammatory cells that mediate acute inflammation are the polymorphonuclear leukocytes (PMN). The production of chemotactic molecules induces the migration from the venous system to the damaged site of monocytes/macrophages, mast cells, dendritic cells, and natural killer (NK) cells. They amplify the inflammatory response, leading to pathogen elimination and tissue repair by releasing cytokines, chemokines, matrix-remodeling proteases, and reactive oxygen and nitrogen species (Coussens and Werb, 2002; Chitu and Stanley, 2006). Like that associated with wound healing, physiological inflammation is a strictly controlled and self-limiting process (Martin and Leibovich, 2005). However, losing control over immune components can lead to chronic inflammation.
Multiple factors can contribute to an excessive burden of inflammation, encompassing lifestyle factors such as smoking and dietary habits, along with conditions like obesity, diabetes, and exposure to environmental pollutants (Libby, 2012). The development of chronic inflammation is associated with a range of diseases, including fatty liver disease, inflammatory bowel disease (IBD), Alzheimer’s, Parkinson’s, atherosclerosis, and cancer (Chen et al., 2017). Current studies indicate that the trigger signaling of chronic inflammation is associated with enhanced platelet activation (Gawaz et al., 2005; Dovizio et al., 2014). It is now acknowledged that platelets are mediators of intercellular communication and propagation of the cellular activation response through the release and transfer of their molecular cargo to numerous cell types implicated in inflammation (Rondina et al., 2013; Varon and Shai, 2015). Consequently, this insight opens doors to innovative approaches to curbing chronic inflammation-related diseases (Gawaz et al., 2023; Patrignani and Patrono, 2015; 2018).
In atherosclerosis, the damage of vascular endothelial cells induces a rapid adhering to the vascular wall of activated platelets; this event contributes to the development of vascular inflammation through leukocyte chemoattraction and their subsequent infiltration into the vessel wall associated with the proliferation of smooth muscle cells (Ross et al., 1985; Gawaz et al., 2005). Interactions between platelets and leukocytes occur via PSGL-1-P-selectin (Evangelista et al., 1999; Yang et al., 1999), followed by the binding between Mac-1 (CD11b/CD18, αMb2) and GPIbα (Simon et al., 2000), JAM-3 (Santoso et al., 2002), or ICAM-2 (Diacovo et al., 1994). The binding facilitates the release of inflammatory molecules from platelets, triggering monocyte inflammatory cascades (Weyrich et al., 1996).
Platelets promote plaque formation by accelerating foam cell formation upon binding to oxidized LDL (Coenen et al., 2021). Platelet-derived matrix metalloproteinases (MMPs), a family of proteolytic enzymes that mediate physiological and pathophysiological extracellular matrix turnover (Gresele et al., 2021), such as MMP-1 and -2 can cleave protease-activated receptors (PARs). Among them, PAR-1 is a G protein-coupled receptor with important roles in hemostasis and inflammation (Willis Fox and Preston, 2020). Rana et al. (2018) demonstrated a role for MMP-1 in plaque formation in mice, mediated via interaction with endothelial PAR-1. Momi et al. (2022) discovered that platelet MMP-2 plays a role in mice’s early formation of arterial plaque. This occurs by activating endothelial PAR-1, which leads to endothelial activation and monocyte intravasation. They also found that in patients with coronary artery disease (CAD) and human immunodeficiency virus (HIV), MMP-2 is overexpressed on the surface of platelets compared to healthy individuals of similar age and sex. Furthermore, it was noted that platelet MMP-2 levels are positively associated with the severity of carotid artery stenosis in humans. These findings indicate that inhibiting PAR-1 activities could be a promising way to reduce atherothrombosis. New strategies may involve targeting the signaling downstream of PAR-1 activated by MMP-1 and -2 to specifically inhibit the proinflammatory activity of PAR-1 (Willis Fox and Preston, 2020).
The release of platelet-derived CD40 ligand (CD40L, CD154) fosters inflammation within the endothelium. The binding of CD40 on endothelial cells to CD40L on activated platelets boosts the release of IL-8 and monocyte chemoattractant protein-1 (MCP-1), major attractants for neutrophils and monocytes (Henn et al., 1998). The interaction also prompts smooth muscle cells and macrophages to release MMPs, facilitating the degradation and remodeling of inflamed tissues.
A persistent inflammatory microenvironment continuously provides various factors—such as cytokines, chemokines, and growth factors—that oppose cell death and repair mechanisms, causing genomic instability and predisposing tissues to cancer (Mantovani and Pierotti, 2008; Hussain and Harris, 2007). Consequently, mediators and cellular effectors of inflammation play a crucial role in the local tumor milieu. It was estimated that 20% of all cancers are linked to chronic infections and inflammation (Mantovani et al., 2008), highlighting inflammation as the seventh hallmark of cancer. The unrestrained nature of cancer-related inflammation promotes tumor growth, supports angiogenesis and metastasis, undermines adaptive immune responses, and modifies responses to chemotherapy (Balkwill et al., 2005; Mantovani et al., 2008). Although genetic studies in mouse models have shown that innate immune cells can get an adaptive immune response capable of eradicating nascent tumors (Negus et al., 1997), the genetic, epigenetic, and metabolic instability characteristic of neoplastic cells allows new variants to escape immune surveillance, leading to tumor establishment and progression (immunoediting process) (Dunn et al., 2002).
Notably, leukocyte infiltration observed in tumor tissues and the anticancer efficacy of antiinflammatory agents support the role of chronic inflammation in cancer development and progression (Menter et al., 2010; Wong et al., 2020; Li et al., 2020).
In the last decade, experimental evidence has supported platelets’ pivotal role in developing chronic inflammation beyond their roles in hemostasis and thrombosis (Davì and Patrono, 2007; Smyth et al., 2009; Patrignani and Patrono, 2015; 2018). Platelets transduce inflammation-related signals, contributing to the variable microenvironment facilitating cell plasticity and heterogeneity. Platelets interact directly with target cells and release numerous mediators, including eicosanoids [thromboxane (TX)A2 and prostaglandin (PG)E2], angiogenic and growth factors from α-granules, ADP from dense granules, and extracellular vesicles (EVs) containing genetic material such as mRNA and microRNAs (miRs) (Patrono et al., 2001; Patrignani and Patrono, 2015; 2018). These phenomena can contribute to developing the early events of tumorigenesis triggered by platelet activation (Figure 1).
[image: Figure 1]FIGURE 1 | Platelet activation triggers the early phases of tumorigenesis. (1) Activated platelets release many mediators [including eicosanoids (such as TXA2), ADP, cytokines (such as IL-1β), growth and angiogenic factors, and extracellular vesicles (EVs) containing genetic material (such as mRNAs and microRNAs)] that contribute to (2) COX-2 overexpression in stromal cells (including macrophages and fibroblasts). (3) The crosstalk with epithelial cells leads to COX-2 induction. (4) Additionally, COX-2 is overexpressed in endothelial cells, leading to angiogenesis. (5) These events lead to the release of PGE2, which translates to inhibition of apoptosis, an increase in proliferation and migration, and induction of epithelial-mesenchymal transition (EMT). The inhibition of platelet COX-1 by low-dose aspirin prevents the downstream signaling pathways involved in the early events of tumorigenesis and indirectly inhibits COX-2 induction. In contrast, NSAIDs and coxibs have an antitumorigenic effect by directly inhibiting COX-2 activity and prostanoid generation in stromal cells, epithelial cells, and endothelial cells.
Platelet extravasation and the development of an inflammatory microenvironment
Platelets possess multifaceted functions beyond thrombosis (Figure 2), significantly contributing to various pathological conditions, including atherosclerosis, restenosis, cardiac fibrosis, airway hyperresponsiveness, airway wall remodeling, intestinal colitis, and tumor metastasis (Patrignani and Patrono, 2018; Rumbaut and Thiyagaraja, 2010; Golebiewska and Poole, 2015). An important function of platelets is the capacity to extravasate at sites of inflammation, thus interacting and activating other cells that constitute the cellular stromal compartment of different tissues. Platelets activate other cell types via direct interaction or through the release of many mediators with a wide range of activities and the capacity to release EVs that transfer platelet cargo far from the platelet. These events are associated with inflammation, tissue injury, and organ failure severity.
[image: Figure 2]FIGURE 2 | Different stages of platelet activation from resting to aggregation, by high resolution scanning electron microscopy. Platelets possess multifaceted functions beyond thrombosis contributing to inflammation, atherosclerosis and cancer metastasis.
Platelet recruitment to post-capillary venules at sites of acute inflammation has been shown in various experimental models, often associated with PMN-endothelial interactions. In a mouse model of corneal epithelial abrasion, an acute inflammatory response is necessary for effective wound healing (De La Cruz et al., 2021). In this model, PMNs and platelets are recruited to the small blood vessels surrounding the cornea in a mutually dependent manner. Depleting either cell type systemically inhibits the recruitment of the other. The mechanisms responsible for platelet extravasation in inflammation need to be clarified. However, the data suggest that in this model of corneal inflammation, platelet extravasation depends on CD18, mast cells, and PMNs, with a central role for mast cell degranulation in the responses. Platelet extravasation is accompanied by red blood cell (RBC) extravasation, with evidence of disruption of microvascular integrity (De La Cruz et al., 2021).
It has been reported that platelets influence leukocyte trafficking from blood vessels into lung tissue because platelets are necessary for the pulmonary recruitment of eosinophils and lymphocytes in murine allergic inflammation (Pitchford et al., 2003; Pitchford et al., 2005; Pitchford et al., 2008).
In hypertensive mice with prostacyclin (PGI2) receptor (IP) deletion (IPKO) fed with a high-salt diet associated with hypertension and cardiac fibrosis, enhanced systemic biosynthesis of TXA2 and left ventricular TXA2 receptor (TP) expression were detected (D’Agostino et al., 2021). Increased cardiac collagen deposition, profibrotic gene expression (including TGF-β), number of myofibroblasts at perivascular levels, and extravasated platelets were detected compared to WT mice treated with the same diet. The antiplatelet agent low-dose aspirin caused a selective inhibition of platelet TXA2 biosynthesis and mitigated enhanced blood pressure, cardiac fibrosis, and left ventricular profibrotic gene expression in IPKO but not WT mice. Moreover, the number of myofibroblasts and extravasated platelets in the heart was reduced (D’Agostino et al., 2021).
Platelets have been detected to extravasate and accumulate in the colonic lamina propria of chronic inflammation-associated fibrosis (Sacco et al., 2019) and intestinal adenomas in mice (Bruno et al., 2022), associated with an enhanced number of myofibroblasts.
Platelet-myofibroblast crosstalk: a key mechanism of intestinal inflammation-linked tumorigenesis
Under normal physiological conditions, the stroma comprises fibroblasts, smooth muscle cells, immune cells, endothelial cells, nerve cells, and the extracellular matrix (ECM) (Barron and Rowley, 2012). The stroma is a structural and functional support system for epithelial cells, regulating their behavior and enabling tissue repair in response to injury (Tuxhorn et al., 2001). Stromal activation during wound healing, characterized by myofibroblast activation, type I collagen deposition, and angiogenesis, is also observed in the tumor microenvironment, referred to as reactive stroma (Kalluri and Zeisberg, 2006; Tuxhorn et al., 2002).
In intestinal inflammation resulting from epithelial damage, such as experimentally induced colitis in mice or inflammatory bowel disease (IBD) in humans, platelets are observed to migrate from the bloodstream into the interstitial tissue of the colon (Danese et al., 2004; Petito et al., 2017). This extravasation may contribute to the persistence of chronic inflammation, leading to fibrosis and facilitating tumorigenesis through intercellular communication with myofibroblasts.
Sacco et al. (2019) conducted a study revealing that when human platelets are cocultured with intestinal myofibroblasts, the platelets undergo activation, resulting in increased production of TXA2, a major oxylipin derived from arachidonic acid (AA) through cyclooxygenase (COX)-1 activity. Subsequently, TXA2 induces phenotypic and functional alterations in myofibroblasts. In the presence of platelets, the characteristic spindle-shaped myofibroblasts turn towards a polarized phenotype, accompanied by elongation of the cellular body associated with enhanced proliferation and migratory) properties. The changes in myofibroblast morphology and functions induced by platelets were accompanied by reduced α-SMA, vimentin, fibronectin, and RhoA expression. These changes were prevented when platelets were exposed to aspirin, an irreversible inhibitor of platelet COX-1, and then washed away before incubation with myofibroblasts. Similar effects were observed when using an antagonist of the TP receptors, indicating that COX-1-dependent TXA2 is a crucial mediator released by platelets to activate myofibroblasts via TP receptors (Sacco et al., 2019). In the coculture of human platelets and myofibroblasts, platelet-derived TXA2 was involved in the induction of COX-2 in myofibroblasts since it was prevented by the selective inhibition of platelet COX-1 by aspirin or by a specific antagonist of TXA2 receptors (TP) (SQ 29,548) (Bruno et al., 2022). Enhanced COX-2-dependent PGE2 was detected under these experimental conditions. Interestingly, both TXA2 and PGE2 contribute to COX-2 induction in the coculture of platelet and myofibroblasts. The activation of TP by the TXA2 mimetic U46619 caused a rapid expression of COX-2 in myofibroblasts cultured alone, but PGE2 was required for the sustained expression of COX-2 (Bruno et al., 2022). Faour et al. (2001) reported that in IL-1β-treated human synovial fibroblasts, PGE2 stabilizes COX-2 mRNA and stimulates translation via EP4 receptor and the downstream kinases p38MAPK and cAMP-dependent protein kinase.
Enhanced COX-2-dependent PGE2 in the tumor microenvironment promotes tumor growth and inhibition of immunosurveillance and induces angiogenesis. Moreover, PGE2 can activate tumor epithelial cells, causing proliferation, survival, migration/invasion, and epigenetic changes (Wang and DuBois, 2013). However, it was found that TXA2 and PGE2 contribute to COX-2 induction in the coculture of platelet and myofibroblasts. The activation of TP by the TXA2 mimetic U46619 caused a rapid expression of COX-2 in myofibroblasts cultured alone, but PGE2 was required for the sustained expression of COX-2 (Bruno et al., 2022). Faour et al. (2001) reported that in IL-1β-treated human synovial fibroblasts, PGE2 stabilizes COX-2 mRNA and stimulates translation via EP4 receptor and the downstream kinases p38MAPK and cAMP-dependent protein kinase.
Proinflammatory stimuli, such as IL-1β, have been shown to upregulate COX-2 signaling in human colonic fibroblasts, modulating the proliferation and invasiveness of human colonic epithelial cancer cells (Zhu et al., 2012). Moreover, COX-2 expression has been detected in the stromal compartment of polyps from ApcMin/+ mice (Oshima et al., 1996).
These findings demonstrate the potential contribution of platelets to the development of an inflammatory microenvironment, thereby promoting the early stages of tumorigenesis through the upregulation of COX-2 and the increased production of PGE2 (Figure 1). Platelet-derived TXA2 is a pivotal trigger and sustainer of the cascade of events induced by platelet activation leading to intestinal tumorigenesis. Notably, antiplatelet agents can indirectly disrupt this cascade of downstream events (Patrignani and Patrono, 2015). Direct inhibition of COX-2 activity can achieve similar efficacy. Selective COX-2 inhibitors (coxibs) reduce tumor development by targeting COX-2 and PGE2. (Bertagnolli et al., 2006; Patrignani and Patrono, 2015; Wang and DuBois, 2013) (Figure 1). However, the heightened risk of cardiovascular side effects by COX-2 inhibitors hinders the utilization of these drugs for long-term cancer prevention regimens (Grosser et al., 2006).
The role of platelets in the development of intestinal tumorigenesis: a lesson from conditional COX-1 knockout mice in megakaryocytes/platelets
The role of platelet TXA2 in intestinal inflammation and tumorigenesis has been convincingly demonstrated by generating mice with the specific deletion of COX-1 in megakaryocytes/platelets (Sacco et al., 2019; Bruno et al., 2022).
We generated a mouse with floxed Ptgs1 (COX-1) (Sacco et al., 2019), in which exons 6 and 7 were flanked by loxP sites using transcription activator-like effector nucleases as a genome-editing tool, which significantly boosts genomic modification efficiency (Joung and Sander, 2013). These mice were bred with platelet factor 4 (Pf4)-Cre transgenic C57BL/6 mice [obtained from Jackson Laboratories (Bar Harbor, ME)] expressing a codon-improved Cre recombinase (iCre) under the control of the mouse Pf4 promoter, resulting in Cre recombinase expression in most megakaryocytes (Sacco et al., 2019). In these mice, the synthesis of TXA2 by platelet COX-1 was almost completely inhibited. The systemic biosynthesis of TXA2, as assessed by the enzymatic urinary metabolites of TXB2, was also profoundly reduced. However, COX-2-dependent markers of prostanoid biosynthesis (such as the urinary metabolite of PGE2 and PGI2) were not significantly affected (Sacco et al., 2019; Bruno et al., 2022). These effects observed in mice with the COX-1 specific deletion in platelets are similar to the impact of low-dose aspirin in humans, which is an antiplatelet agent that selectively inhibits COX-1 in platelets (Patrignani et al., 2014; Patrono et al., 2005).
In mice with experimental intestinal colitis treated with dextran sulfate sodium (DSS), there is increased biosynthesis of TXA2 from platelets (Sacco et al., 2019). TXA2 contributes to increased microvascular permeability (Turnage et al., 1985) and inflammatory, immune cells, and platelets’ movement, leading to colon accumulation (Vitiello et al., 2014). Deletion of COX-1 in platelets inhibits the chronic inflammatory response linked to the reversal of intestinal colitis symptoms in DSS-induced colitis. Furthermore, the specific deletion of COX-1 in platelets prevented intestinal inflammation-associated fibrosis (Sacco et al., 2019).
In ApcMin/+ mice that develop multiple intestinal neoplasia due to a nonsense mutation at codon 850 of the Apc gene, like humans with germline mutations in the APC gene (Moser et al., 1995), enhanced systemic TXA2 biosynthesis was detected deriving mainly from activated platelets (Bruno et al., 2022). The specific deletion of platelet COX-1 in ApcMin/+ mice was associated with a reduced systemic biosynthesis of TXA2 and a reduced number of intestinal adenomas (Figures 3A, B). ApcMin/+mice developed multiple sessile tubular adenomas with marked nuclear enlargement with hyperchromasia, denoting a lower grade of differentiation than ApcMin/+ mice with the specific deletion of platelet COX-1, as confirmed by the higher number of mitotic elements (Bruno et al., 2022). The adenomas of ApcMin/+mice showed higher staining of PCNA (proliferating cell nuclear antigen) than ApcMin/+mice with specific deletion of COX-1 in the platelet; PCNA is an auxiliary protein for DNA polymerase that reaches maximal expression during the S phase of the cell cycle (Celis et al., 1987). In polyps of ApcMin/+mice, enhanced expression of COX-2 and mPGES-1 (i.e., microsomal prostaglandin E synthase-1, the downstream enzyme responsible for PGE2 biosynthesis from COX-2 product PGH2) was detected in association with the downregulation of 15-prostaglandin dehydrogenase (15-PGDH, an enzyme oxidizing and degrading PGE2). These changes could contribute to enhanced biosynthesis of PGE2 in the tumor, which can reflect the increased systemic biosynthesis of PGE2 found in ApcMin/+ mice (Bruno et al., 2022). Deleting platelet COX-1 prevented the upregulation of COX-2 in the intestinal adenomas associated with reduced systemic biosynthesis of PGE2 (Figure 3B). The results of this study demonstrate that activated platelets can contribute to enhanced PGE2 generation in intestinal tumors, and inhibition of platelet function can indirectly prevent it, thus interfering with adenoma formation (Figures 3A, B).
[image: Figure 3]FIGURE 3 | The role of platelet COX-1 in intestinal tumorigenesis of ApcMin/+ mice. (A) The platelet COX-1-dependent TXA2 (also from extravasated platelets) can contribute to intestinal neoplasia by triggering the expression of COX-2 in stromal cells, which is involved in the biosynthesis of PGE2; the selective inhibition of COX-1 in platelets by aspirin can prevent the biosynthesis of TXA2 and indirectly the upregulation of COX-2. (B) In ApcMin/+ mice, the specific deletion of platelet COX-1 caused a profound reduction in platelet TXA2 biosynthesis in vivo, which was associated with decreased COX-2 expression and PGE2 biosynthesis, and a reduced number and size of intestinal adenomas.
Platelets and the immune system
It is increasingly evident that platelets play a pivotal role in various immunological processes beyond their conventional function in hemostasis and thrombosis (Ali et al., 2015). Platelets can contribute to 1) defending against microbial threats, 2) recruiting and augmenting innate effector cell functions, 3) regulating antigen presentation, and 4) enhancing adaptive immune responses.
Platelets interact with immune complexes (ICs), which are associations of antibodies with their antigens. The presence of ICs in the bloodstream is documented in many pathological conditions characterized by chronic or acute inflammation (Cloutier et al., 2018). Platelets become activated when ICs bind to the IgG Fc receptor on human platelets, known as FcγRIIa (CD32) (Arman and Krauel, 2015). FcγRIIa is one of the three immunoreceptor-based activation motif (ITAM) family members of tyrosine kinase signaling receptors in human platelets (Boylan et al., 2008). The other two members are the collagen receptor glycoprotein (GP) VI and C-type lectin receptor 2. These receptors have a different signaling pathway from the G protein-coupled receptors (GPCRs) for other platelet agonists such as thrombin, adenosine 5′-diphosphate (ADP), and TXA2 (Boulaftali et al., 2014). Upon activation via ITAMs, platelets undergo aggregation and degranulation and are transformed into procoagulant platelets, which release procoagulant EVs (Puhm et al., 2021). Platelets express COX-1, crucial in converting AA released from membrane phospholipids following activation to the platelet agonist TXA2 (Patrignani and Patrono, 2015; 2018) that activates platelets through their TP receptors (Rovati et al., 2022). The selective and irreversible inhibition of COX-1 by aspirin is a fundamental aspect of antiplatelet therapy (Patrignani and Patrono, 2015). However, platelets also express 12-lipoxygenase (12S-LOX) (Contursi et al., 2022; Yoshimoto et al., 1992), and its specific role in platelet biology is not fully elucidated. AA released from cellular phospholipids in platelets can undergo a metabolic pathway involving 12-LOX (Figure 4), resulting in the generation of 12S-HpETE (hydroperoxyeicosatetraenoic acid), which subsequently undergoes rapid conversion to 12S-HETE (hydroxyeicosatetraenoic acid). The functional implications of 12-HETE in platelet physiology were hindered by the lack of specific 12-LOX inhibitors (Contursi et al., 2022). However, inhibitors that are selective for 12S-LOX over other LOXs and COXs have recently been developed (Luci et al., 2014). Their use showed the involvement of 12-LOX in the aggregation and degranulation of platelets activated by collagen, ADP, and thrombin, the latter via the PAR4 receptor, but interestingly, not via PAR1 (Tourdot and Holinstat, 2017). Using one of these new 12-LOX inhibitors (ML355), it was evidenced that 12-LOX also plays an important role in activating platelets through FcγRIIa (Yeung et al., 2014; Luci et al., 2014).
[image: Figure 4]FIGURE 4 | Potential roles of 12-lipoxygenase (LOX) in platelet activation by heparin-platelet factor 4 (PF4) immune complexes. PF4 is a chemokine released from platelet a-granules upon activation. It can form immune complexes with negatively charged substances, such as heparin. The formation of PF4-heparin complexes leads to the synthesis of antibodies, which activate platelets via FcγRIIa receptors. 12-LOX can amplify platelet activation through FcγRIIa via three different pathways: i) the arachidonic acid (AA)-derived compound 12S-HETE generated by 12-LOX, ii) the 12S-HETE receptor GPR31, and iii) the interaction with PLCγ2 or upstream signaling and adaptor molecules, such as Syk (spleen tyrosine kinase), PI3K (phosphoinositide 3-kinase), and LAT (T-cell activation linker). Modified from Alison H. Goodal et al. Blood 2014; 124 (14): 2166–2168 (comment on Yeung et al., Blood 2014; 124:2271-2279).
Heparin-induced thrombocytopenia (HIT) is a condition where platelet count decreases due to the disintegration and release of platelet-derived EVs into the bloodstream, promoting thrombin generation (Ahmed et al., 2007). It can be life-threatening and is caused by heparin binding to platelet factor 4 (PF4) released from platelets, which in some patients can result in immune recognition of the structurally modified heparin-PF4 complexes (Arepally and Padmanabhan, 2021). In HIT, 12-LOX is important in stimulating platelets through FcγRIIa leading to GPIIb-IIIa (the platelet fibrinogen receptor) activation (Goodall, 2014) (Figure 4). Thus, ML355 attenuates aggregation and degranulation via a mechanism that also affects phosphorylation of phospholipase Cγ2 (PLCγ2), calcium mobilization, and phosphorylation of protein kinase C (PKC) and Ras-proximate-1 or Ras-related protein 1 (Rap1involved in activation of GPIIb-IIIa) (Figure 4), while having no direct effect on phosphorylation of FcγRIIa itself (Yeung et al., 2014). The decreased phosphorylation of Rap1 was confirmed in platelets from 12-LOX−/− mice, indicating that the effects were specific to 12-LOX. The data suggests that targeting 12-LOX could be a promising treatment for patients with HIT. Preclinical studies have shown that ML355 has a good safety profile (Adili et al., 2017). As 12-LOX enhances platelet activation by other agonists like TXA2 and ADP, selectively inhibiting 12-LOX may reduce the platelet response without completely blocking it. This indicates a favorable balance between the risk of clotting and bleeding. ML355 (also known as VLX-1005) is currently in phase 2 clinical trials for treating HIT and thrombosis (Stanger and Holinstat, 2023).
Due to immune surveillance, tumor cells face significant challenges surviving in the bloodstream. Consequently, metastasis and subsequent extravasation involve intricate mechanisms facilitating cancer cell survival in the systemic circulation. Fundamental to this process is the recruitment of monocytes, neutrophils, and platelets, which protect tumor cells from immune surveillance and facilitate the formation of metastases (Kitamura et al., 2015). In addition to these mechanisms, platelets have been found to impair the immune response through various other avenues. They play a pivotal role in regulating innate and adaptive immunity, particularly T cells. Furthermore, platelets can serve as antigen-presenting cells (APCs), as demonstrated by the expression of MHC class I proteins on their surface, initiating the adaptive immune response (Ali et al., 2015). It has been reported that platelets can transfer MHC class I proteins to tumor cells, resulting in a tumor cell phenotype termed the “phenotype of false pretenses.” This allows platelets to disrupt the self from non-self-recognition by NK cells, ultimately failing to protect the host by producing IFN-γ (Placke et al., 2012).
Emerging evidence indicates that platelets express the immune checkpoint molecule PD-L1 (Programmed Death-Ligand 1), which interacts with PD-1 (Programmed Cell Death Protein 1) on T cells, leading to their exhaustion (Figure 5). Notably, platelets from cancer patients with non-small cell lung cancer (NSCLC) showed significant levels of PD-L1 (Hinterleitner et al., 2021). Using specific antibodies, such as pembrolizumab, to block the PD-L1/PD-1 interaction has resulted in long-term responses in patients with metastatic NSCLC (Dang et al., 2016). Some tumor cells also express high levels of PD-L1, aiding in immune system evasion (Juneja et al., 2017).
[image: Figure 5]FIGURE 5 | Platelets and tumor cells’ immune evasion via activation of PD-1 on T-cells by its ligands PD-L1. Platelets, like cancer cells, can activate the immune checkpoint protein PD-1, which controls the immune response of cytotoxic CD8+ T cells that carry out their killing function by releasing two types of preformed cytotoxic proteins: the granzymes, which seem able to induce apoptosis in any target cell, and the pore-forming protein perforin, which punches holes in the target cell membrane through which the granzymes can enter.
Interestingly, Rachidi and colleagues (2017) identified a potential role for the non-signaling TGF-β-docking receptor glycoprotein A repetitions predominant (GARP), constitutively expressed on the platelet surface. Platelets are the primary source of TGF-β in systemic circulation and the tumor microenvironment. Platelet TGF-β production and secretion occur through GARP expression and the secretion of TGF-β itself (Tran et al., 2009). It has been shown that platelet-derived TGF-β has an immunosuppressive effect, primarily affecting T cells, and that the deletion of Lrrc32 (the gene encoding GARP) enhances the protective effect of the immune system against both melanoma and colon cancer. Combining immunotherapy with antiplatelet agents is an effective therapeutic strategy in mouse models. This effectiveness is attributed to the interruption of the GARP-TGF-β axis (Rachidi et al., 2017). Thus, antiplatelet agents may interfere with cancer cells’ capacity to evade immune surveillance (Patrignani and Patrono, 2018).
Platelets appear to be involved in the pathogenesis of hepatocellular carcinoma (HCC), a potential complication of chronic HBV infection (Sitia et al., 2012). During chronic hepatitis B virus (HBV) infection, HBV-specific CD8+ T cells fail to eradicate the infection, leading to necrosis, regeneration, inflammation, and ultimately HCC development (Guidotti and Chisari, 2006). It was reported that administering aspirin and clopidogrel (two antiplatelet agents) reduces the number of HBV-specific CD8+ T cells and secondary nonspecific infiltrates, preventing liver injury and fibrosis (Sitia et al., 2012). The pathophysiology of HBV infection and the role of platelet/T cell crosstalk are not fully understood. It has been proposed that interaction through platelet-CD40L and lymphocyte-CD40 (Elzey et al., 2003) could trigger an inflammatory endothelial response (Henn et al., 1998). Studies have shown an increased number of thrombotic events in patients with liver diseases (Tripodi and Mannucci, 2011), suggesting the potential for investigating antiplatelet drugs in further randomized clinical trials (RCTs) to assess their effects on HCC development in patients with chronic HBV infection.
Platelets fuel cancer metastasis
Cancer metastasis, which involves the spread of cancer cells from a primary lesion to distant organs, is the main cause of cancer-related deaths (Massagué and Obenauf, 2016). Numerous studies have highlighted the crucial role platelets play in this process. Clinical observations have underlined the potential link between cancer cell diffusion via the bloodstream and platelet involvement in coagulation (Gay and Felding-Habermann, 2011; Contursi et al., 2017). Once cancer cells enter systemic circulation, they interact with platelets. Platelets can surround cancer cells, forming aggregates that promote survival, protect them from immune responses, and enhance their capacity to adhere to the endothelium, arrest, and exit blood vessels (Gay and Felding-Habermann, 2011).
Recent findings have shown that platelets induce a more malignant phenotype in cancer cells by enhancing their migratory properties (Labelle et al., 2011; Dovizio et al., 2013; Guillem-Llobat et al., 2016). Platelets release mediators such as PDGF, TGF-β, and PGE2, which promote EMT, that endows cancer cells with mesenchymal markers like vimentin and fibronectin and transcription factors such as Twist, Snail, and Zeb while downregulating epithelial markers like E-cadherin, thereby enabling these cells to acquire migratory properties and colonize distant organs (Kalluri and Weinberg, 2009). Labelle et al. (2011) demonstrated that EMT is induced in colon and breast cancer cells via platelet-derived TGF-β1, which activates the TGF-β/Smad pathway, thus promoting the metastatic potential of tumor cells. Dovizio et al. (2013) demonstrated that platelets trigger EMT and COX-2 overexpression in human adenocarcinoma cells (such as HT29 cells) through direct contact and PDGF release. The direct interaction involves the platelet collagen receptor GPVI and cancer cell galectin-3, unique among galectins due to its collagen-like domain. Inhibition of galectin-3 function [using β-lactose, a dominant-negative form of galectin-3, Gal-3C (Yang et al., 2008), or anti-galectin-3 antibody M3/38] or the inhibition of platelet adhesion to collagen-like binding sites on cancer cells by revacept, the soluble dimeric GPVI receptor fusion protein (GPVI-Fc) (Ungerer et al., 2011), prevented abnormal COX-2 expression. Revacept, which prevents the interaction between platelets and cancer cells, and the inhibition of COX-2 by rofecoxib, a highly selective COX-2 inhibitor, avoided platelet-induced changes in mRNA levels of EMT markers. This suggests that the direct platelet-cancer cell interaction and abnormal COX-2 expression contribute to the modifications in gene expression associated with EMT. Mammadova-Bach et al. (2020) found that genetic deficiency of platelet GPVI in mice reduced both experimental and spontaneous colon and breast cancer cell metastasis. Similar results were observed in mice lacking the spleen-tyrosine kinase Syk in platelets, a crucial component of the ITAM-signaling cascade. Both in vitro and in vivo analyses confirmed that mouse and human GPVI facilitated platelet adhesion to colon and breast cancer cells. Through a CRISPR/Cas9-based gene knockout approach, galectin-3 was identified as the primary counterreceptor of GPVI on tumor cells. Further, in vivo studies revealed that the interaction between platelet GPVI and tumor cell–expressed galectin-3 involves ITAM-signaling components in platelets and promotes the extravasation of tumor cells. Additionally, it was demonstrated that inhibiting GPVI by JAQ1 F (abʹ) 2 antibody efficiently impairs platelet–tumor cell interaction and tumor metastasis (Mammadova-Bach et al., 2020).
Guillem-Llobat et al. (2016) studied the impact of platelets on the spread of colorectal cancer cells (HT29 cells) to the lungs and the effect of the antiplatelet agent low-dose aspirin. When HT-29 cells were exposed to platelets in vitro, they were more likely to cause lung metastasis once injected in humanized immunodeficient mice than untreated HT29 cells. This effect was linked to the development of mesenchymal-like cancer cells by platelets associated with acquiring migratory properties and EMT. Mesenchymal-like cancer cells had an enhanced capacity to activate platelets, thus promoting the formation of platelet aggregates surrounding tumor cells, and this event is central in the development of cancer metastases. Administering a low dose of aspirin to the mice, prevented the increased rate of lung metastasis associated with the prevention of platelet activation in vivo in response to the injection of mesenchymal-like cancer cells. These results provide a mechanistic understanding of the reported antimetastatic properties of low-dose aspirin in posthoc analyses of randomized trials for cardiovascular prevention (Patrignani and Patrono, 2016) and reinforce the rationale for performing adjuvant trials of low-dose aspirin and possibly other antiplatelet agents, in colorectal cancer patients. In vitro studies of cocultures of platelets and HT29 cells showed that platelet-derived PGE2 activated the EP4 receptor on cancer cells, promoting EMT (Guillem-Llobat et al., 2016). Different antiplatelet agents, such as aspirin DG-041 (an EP3 receptor antagonist), and ticagrelor (a P2Y12 receptor antagonist), prevented EMT of cancer cells by inhibiting platelet activation and platelet-derived PGE2 release involved in cancer cell EP4-dependent migration (Guillem-Llobat et al., 2016).
Further studies investigated the potential of anticoagulant agents to disrupt communication between platelets and cancer cells. Battinelli et al. (2014) discovered that the interaction between breast cancer cells (MCF-7) and platelets stimulated the secretion of VEGF from platelets, a process that was prevented by the administration of low molecular weight heparin (LMWH) or fondaparinux. This suggests a thrombin-dependent release of angiogenic molecules by platelets after interaction with tumor cells. Human adenocarcinoma cell lines (such as HCT-8 and LoVo) and anaplastic murine tumor cells (such as Hut-20) can generate thrombin, which in turn activates platelets (Nierodzik and Karpatkin, 2006). Mitrugno et al. (2014) found that the colorectal cancer cell line Caco-2 and the prostate carcinoma cell line PC3M-luc induce platelet activation and granule secretion. They showed that the platelet immune receptor FcγRIIa plays a crucial role in this process by activating the FcγRIIa-spleen tyrosine kinase (Syk)-PLCγ signaling pathway, resulting in further platelet activation and granule secretion. This enhanced platelet recruitment and protection of circulating tumor cells from the immune system promote tumor cell survival and metastasis (Mitrugno et al., 2014), suggesting FcγRIIa as a target for antimetastatic therapy. Mannori et al. (1995) highlighted interactions between platelets and colon cancer cells (LS 180, T84, COLO 205, COLO 320, and HT-29) involving P-selectin on platelets and mucin-type glycoproteins on the cancer cell surface. Other studies reported the role of the platelet GPIIb/IIIa receptor in platelet/cancer cell crosstalk. In the melanoma cell line M3Dau, the interaction between the platelet receptor GPIIb/IIIa and a similar complex on tumor cells led to larger platelet-tumor aggregates (Boukerche et al., 1989). Mammadova-Bach et al. (2016) reported interactions between platelets and breast or colon tumor cells via platelet integrin α6β1 and ADAM-9 on tumor cells. This interaction promotes platelet activation, granule secretion, and endothelial transmigration, thus promoting metastasis. Genetic deletion of platelet α6β1 or an integrin α6-blocking antibody (GoH3) reduced lung metastasis by preventing platelet-tumor cell crosstalk (Mammadova-Bach et al., 2016). Lysophosphatidic acid (LPA), a platelet-derived mediator, plays a significant role in cancer development (Mills and Moolenaar, 2003). LPA acts through GPCRs, promoting platelet shape change and aggregation (Williams et al., 2009). Platelet-derived LPA promotes bone metastasis in ovarian and breast cancers by binding to LPA1 on tumor cells, and a specific LPA1 antagonist can inhibit this interaction without affecting normal platelet function (Boucharaba et al., 2004; 2006). Platelets also contribute to LPA biosynthesis via the enzyme autotaxin (ATX), which hydrolyzes LPA precursors to form LPA, binding to its receptors on cancer cells to promote invasion and metastasis (Leblanc et al., 2014). LPA can induce EMT in ovarian cancer cells by promoting nuclear translocation of β-catenin, activating Wnt/β-catenin target genes and hypoxia-induced factor-1α (HIF1α), leading to mesenchymal marker expression (Burkhalter et al., 2015; Ha et al., 2016).
The metabolite 12S-HETE, generated by platelet 12S-LOX, plays a crucial role in cancer development and metastasis through various mechanisms (Contursi et al., 2022). The involvement of 12S-LOX in cancer development has been demonstrated in human gastric cancer cells with ALOX12 overexpression, and it is suggested as a marker of cancer progression in melanoma (Timár et al., 1999). 12-HETE is generated as a free acyl and is found in esterified form in membrane phospholipids, particularly in platelets where it is involved in coagulation (Thomas et al., 2010; Slatter et al., 2018; Lauder et al., 2017). HT29 cells do not express 12-LOX or synthesize 12-HETE when cultured alone, but in coculture with platelets, they express the protein and synthesize 12-HETE (Contursi et al., 2021). The interaction with cancer cells activates platelets that release EVs containing catalytically active 12S-LOX, quickly transferred to cancer cells. The cancer cells then acquire the capacity to generate 12-HETE, which is esterified rapidly, mainly in plasmalogen phospholipids. In cancer cells exposed to platelets, endogenous but not exogenous 12S-HETE contributed to changes in EMT gene expression by modifying cancer cell phospholipids by 12-HETE (Contursi et al., 2021). Modifying cancer cell phospholipids by 12S-HETE may functionally impact cancer cell biology, and the pharmacological inhibition of 12-LOX represents a novel anticancer strategy.
Platelet-derived extracellular vesicles in cancer
Platelets secrete medium-size EVs (mEVs) (Gasecka et al., 2019; Kailashiya, 2018) ranging from 100 to 1,000 nm, released under various physiological and pathological conditions (Kailashiya, 2018). They are characterized by the inversion of membrane phospholipids, exposure of phosphatidylserine (PS) on the outer membrane—rendering them 50 to 100 times more procoagulant than platelets—and the expression of various integrins and enzymes (Janowska-Wieczorek et al., 2005; Italiano et al., 2010). These mEVs promote the communication between platelets and various cell types (Italiano et al., 2010). They act by (1) stimulating target cells through their surface ligands, (2) transferring surface receptors, and (3) delivering their cargo, i.e., proteins, bioactive lipids, mRNAs, transcription factors, and miRs, which can significantly alter cellular phenotypes. mEVs can also transfer infectious particles (e.g., HIV, prions) and intact organelles (e.g., mitochondria) (Ratajczak et al., 2006). Due to their carrier role, mEVs are involved in various biological processes, including hemostasis, thrombosis, inflammation, tumorigenesis, angiogenesis, and immunity (Italiano et al., 2010). For instance, platelet-derived EVs transfer receptors to both normal and cancer cells, enhancing adhesion, proliferation, and survival (e.g., CD41, CD61, CD62, CXCR4, PAR-1) (Baj-Krzyworzeka et al., 2002). mEVs also carry bioactive lipids like sphingosine-1-phosphate (S1P) and AA. Barry and colleagues demonstrated the transfer of platelet AA via mEVs to monocytes and endothelial cells, inducing COX-2 expression and prostanoid synthesis (Barry et al., 1997; 1999). Platelet mEVs transfer mRNA to monocytic THP-1 cells, increasing gamma-globin transcripts and hemoglobin subunits (Risitano et al., 2012). Additionally, platelet-derived mEVs contribute to tumorigenesis through miR transfer. For instance, the transfer of miR-223 to endothelial cells downregulates tumor-suppressor genes (Laffont et al., 2013), while the transfer of miR-939 to ovarian cancer cells promotes EMT (Tang et al., 2017). Conversely, mEVs carrying miR-24 induce apoptosis and suppress tumor growth (Michael et al., 2017). Platelet mEVs interact with monocytes/macrophages in inflammatory contexts, influencing proinflammatory cytokine release (Linke et al., 2017; Vasina et al., 2011).
Platelets contain important RNA biomarkers [mRNAs, miRs, circular (circ) RNAs, long non-coding (lnc) RNAs, mitochondrial-RNAs] and have a protein translation machinery for processing the RNA transcripts (Harrison and Goodall, 2008). CircRNAs, generated from exons of protein-coding genes through back-splicing, are abundant in platelets. They have received increasing attention for their potential role as cancer biomarkers due to their high stability and spatiotemporal-specific expression (Bach et al., 2019). In addition, lncRNAs (Dahariya et al., 2019) and miRs (Nagalla et al., 2011) represent important cancer biomarkers. Boerrigter et al. (2020) reported that the measurement of these molecules in prostate cancer (PCa) offers promising prospects because they are highly tumor-specific and relatively easy to detect. Through their crosstalk with other cells, including cancer cells, platelets can uptake these RNAs. These molecules can be found in isolated platelets. Analyzing RNAs from patients’ platelets offers significant promise for accurately distinguishing between metastatic and non-metastatic tumors. Additionally, RNA sequencing from platelets could identify the primary tumor location of six distinct tumor types with an accuracy of 71% (Hu et al., 2024).
Liquid biopsy involves analyzing biomarkers found in non-solid biological tissues, primarily blood. It offers significant advantages over traditional methods: it is risk-free, non-invasive, painless, does not necessitate surgery, and lowers costs and diagnostic time. The most extensively studied non-invasive cancer biomarkers include circulating tumor cells (CTCs), circulating tumor DNA (ctDNA), and EV cargo (Marrugo-Ramírez et al., 2018). They offer several advantages, including the ability for early detection, assessment of an individual patient’s prognosis, such as cancer stage and spread, identification of new targets for personalized treatments, and predict therapy responses. Currently, blood-based biopsy measurements focus on the evaluation of biomarker biosources, including circulating tumor DNA (ctDNA), circulating tumor cells (CTCs), EVs (i.e., exosomes, mEVs and oncosomes), and tumor-educated platelets (TEPs) (Marrugo-Ramírez et al., 2018; Best et al., 2015; Nilsson et al., 2011; 2016; Skog et al., 2008).
Contursi et al. (2023) studied platelet-derived mEVs collected from non-metastatic CRC patients at initial diagnosis versus healthy controls (HCs). The aim was to address how these mEVs can change the expression of genes related to the process of EMT in four different human colorectal cancer cell lines: HCA7, HCT116, HT29, and Caco2. These cell lines have different genetic features and metastatic potentials. The study found that platelet-derived mEVs from CRC patients affect colorectal cancer cells differently depending on their genetic makeup and behavior. Specifically, the mEVs from CRC patients caused an increase in the expression of TWIST1 and VIM (protein name: vimentin) in all the studied cancer cell lines, while those from healthy subjects did not. In HCA7 cells, the expression of CDH1 (protein name, E-cadherin) was not affected by the mEVs from either CRC patients or HCs. However, the HCT116, HT29, and Caco2 cells showed decreased CDH1 expression when cultured with mEVs from CRC patients, with the HCT116 cells (which have high metastatic potential) showing decreased expression after just 4 hours of exposure. Moreover, the mEVs from CRC patients and HCs induced the expression of COX-2 in colorectal cancer cell lines at 24 but not at 4 hours, suggesting that this effect may be due to post-transcriptional regulation (Contursi et al., 2023).
Cancer-associated thrombosis is a leading cause of death in cancer patients (Mahajan A. et al., 2022). Contursi et al. (2023) explored whether platelet-derived mEVs collected from CRC patients affected the TXB2 biosynthesis of 4 CRC cell lines in vitro. Proteomic analysis revealed that COX-1 and TXA2 synthase were expressed similarly in mEVs collected from CRC patients and healthy controls (HC). HCA7 cells can generate endogenously TXB2, and when exposed to mEVs, the TXB2 levels were unchanged. Other CRC cell lines have very limited capacity to generate TXB2, but when cocultured with mEVs from both CRC patients and HCs, TXB2 was detectable. This may suggest that platelet-derived mEVs could provide AA to cancer cells, leading to TXB2 generation. Alternatively, platelet-derived mEVs might transfer COX-1 and/or TXA2 synthase to cancer cells, allowing them to produce TXB2.
A comparison of the proteomic profiles of mEVs from CRC patients and HCs revealed 208 significantly altered proteins. High expression of HLA-B class I and PSMD2 in CRC patient mEVs was detected. The human leukocyte antigen (HLA) system or complex is a group of related proteins encoded by the major histocompatibility complex (MHC) gene; it has been reported that cell surface expression of HLA I/MHC I molecules is a marker of young, reactive platelets (Angénieux et al., 2019). PSMD2 is part of the ubiquitin-proteasome system and plays a role in immune modulation (Colberg et al., 2020). Platelets contain proteasome and immunoproteasome components, allowing them to process foreign proteins into peptide fragments. These fragments are then loaded onto MHC I molecules and presented on the surface of the platelets as peptide-MHC I complexes. Immunoproteasomes may regulate platelets’ involvement in innate and adaptive immunity, highlighting the connection between hemostasis and inflammation. The increased protein levels of HLA-B class I and PSMD2 found in platelet-derived mEVs from CRC patients by Contursi et al. (2023) suggest that platelet-derived mEVs are modulators of the immune response in CRC. A comprehensive examination of the protein composition and its alterations associated with cancer underscores the potential of platelet-derived mEV proteomics to facilitate early diagnosis, provide continuous monitoring, and support personalized treatment strategies, ultimately enhancing patient outcomes.
CONCLUSION
The complex and intricate interplay between inflammation and platelets in the development of tumors presents exciting opportunities for pioneering new avenues in cancer prevention and treatment strategies. A wealth of clinical and experimental evidence underscores platelets’ pivotal and multifaceted role in fostering an inflammatory microenvironment that fuels tumor growth and progression. Moreover, platelets play a key role in the development of cancer metastasis. This huge amount of knowledge opens the way to using antiplatelet agents, such as low-dose aspirin, which exhibit considerable potential in dampening platelet activation and consequent inflammatory processes, thereby lowering cancer risk, particularly in cases of CRC (Patrignani and Patrono, 2016; 2018). It is necessary to investigate further the effectiveness of alternative antiplatelet medications, such as ADP P2Y12 receptor antagonists (Ballerini et al., 2018). Other potential new antiplatelet drugs, such as revacept (Ungerer et al., 2011; Mayer et al., 2021) and selective 12-LOX inhibitors (Tourdot and Holinstat, 2017), currently under clinical development, are of interest due to their lower risk of bleeding (Sim et al., 2023).
The role of platelets in promoting the initial stages of cancer development is supported by various evidence, including studies using knockout mouse models and clinical research (Bruno et al., 2022; Patrignani and Patrono, 2016). Platelets contribute to inflammation by releasing various molecules and EVs. The molecules delivered by platelets activate different signaling pathways in the cells involved in inflammation and immunity (Patrignani and Patrono, 2018). Platelets are essential for cell-cell communication and significantly influence the phenotype of cellular components within the stromal compartment of tissues. An emerging and continuously evolving paradigm underscores the synergistic connection between cardiovascular disease (CVD) and cancer, elucidated by their shared modifiable risk factors, which encompass tobacco use, obesity, diabetes mellitus, dietary patterns, physical activity, and alcohol consumption. It is important to note that all these factors contribute to the activation of platelets, making this response a key event in both cancer and cardiovascular disease (Patrignani and Patrono, 2016; Davì and Patrono, 2007). This helps explain why using antiplatelet agents like low-dose aspirin effectively prevents cardiovascular disease and possibly cancer (Patrignani and Patrono, 2016). Platelet activation results in an increased generation of TXA2 and PGE2, subsequently triggering the activation of immune cells, fibroblasts, and endothelial cells. Thus, the inhibition of platelet function effectively impedes the release of molecules from platelets involved in initial events linked to tumorigenesis (Patrignani and Patrono, 2016). In cases where cancer has already developed, antiplatelet agents are likely less effective because they have limited capacity to directly affect the cellular component of a cancerous lesion (Patrignani et al., 2024). However, platelets can infiltrate cancerous tissues (Bruno et al., 2022), which can lead to tumor immune evasion, inflammation, and EMT (Patrignani and Patrono, 2016; 2018). This suggests that antiplatelet agents could indirectly cause antitumor effects by reducing platelet accumulation in tumors.
Genetic alterations may affect an individual’s response to aspirin. However, Frouws et al. (2017) reported that the mutation status of the BRAF and KRAS genes should not be regarded as reliable indicators for personalized aspirin therapy. In contrast, Liao et al. (2012) showed that tumors with mutations in the PIK3CA gene (which codes for the protein phosphatidylinositol 4,5-bisphosphate 3-kinase catalytic subunit alpha isoform) exhibit increased sensitivity to the effects of aspirin. Nonetheless, the underlying mechanisms explaining this association remain to be elucidated.
Ongoing clinical trials investigate aspirin’s potential as an adjuvant cancer therapy in various doses and durations in CRC patients (Table 1). Some of these trials are targeting patients based on specific biomarkers. These trials are part of the Prospective Aspirin Meta-analysis, registered on PROSPERO in October 2023. The main objective of this meta-analysis is to ascertain the potential moderate effects of aspirin, both overall and within different subgroups. These subgroups include those defined by tumor location (right-sided versus left-sided) and specific biomarkers.
TABLE 1 | Ongoing Phase III placebo-controlled trials for aspirin in adjuvant colorectal cancer.
[image: Table 1]At long follow-up, aspirin (300 mg BID) has been shown to prevent Lynch Syndrome (LS) cancers, including CRC (Burn et al., 2008; 2011; 2020). LS is a dominantly inherited cancer predisposition syndrome characterized by an increased risk of numerous cancers. LS-associated tumors are mismatch repair deficient (Engel et al., 2020). Aspirin is now recommended in NICE guidelines to prevent CRC in LS (National Institute for Health and Care, 2020; Serrano et al., 2022). CaPP3 trial (https://www.capp3.org/) is ongoing to define the most appropriate aspirin dose in LS. The trial is a non-inferiority study comparing daily aspirin of 600, 300, and 100 mg (100 mg/d is the dose recommended for preventing CVD). The finding of comparable efficacy of the higher doses versus the low dose of aspirin (100 mg/d) would support the platelet hypothesis in tumorigenesis (Patrignani and Patrono, 2016; 2018), thus opening the way to its use for cancer prevention in LS.
However, chronic aspirin use, even at low doses, can be associated with increased bleeding (Patrono and Baigent, 2019), especially in older individuals. Therefore, the decision to treat individual patients with low-dose aspirin should consider the bleeding risk weighed against CVD prevention and cancer benefits.
In the current era of precision medicine, developing treatment protocols involving the safe utilization of antiplatelet agents to prevent cancer and cardiovascular disease necessitates adopting a systems biology approach. This strategy entails a comprehensive analysis of heterogeneous datasets, including genomics, epigenomics, proteomics, lipidomics, and clinical data, at the level of the individual patient. This procedure involves dynamic systems modeling to identify candidate pathways that contribute to the benefits and harms of aspirin and possibly other antiplatelet agents. Additionally, this strategy will help identify susceptibility profiles for CRC and possibly other types of cancer, verifying whether platelet- and EV-based liquid biopsy can predict the onset and recurrence of cancer.
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Introduction: Acute pancreatitis (AP) is a severe inflammatory disease of the pancreas that could trigger a systemic inflammation and multi-organ dysfunction. Stigmasterol, a natural plant sterol found in various herbs and vegetables, exhibits a significant anti-inflammatory, antioxidant, and cholesterol-lowering effects. However, its therapeutic potential in AP have not been thoroughly investigated.Methods: The present study employed network pharmacology combined with experimental verification to explore the protective effect of stigmasterol on AP and its molecular mechanism in a sodium taurocholate (STC)-induced AP mouse model.Results: Protein-protein interaction (PPI) analysis pinpointed out MAPK3, also named as ERK1, as a promising stigmasterol target in AP therapy. Molecular docking analysis further revealed a strong binding capacity of stigmasterol to ERK1 (−6.57 kL/mol). Furthermore, both in vivo and in vitro studies demonstrated that stigmasterol treatment notably attenuated STC-induced pancreatic injury, as evidented by decreased serum levels of lipase and amylase, improved systemic inflammation, and reduced acinar cell necrosis. At the molecular level, stigmasterol treatment exhibited a significant inhibition on STC-induced activation of ERK signaling pathway in pancreatic acinar cells, leading to the transition of acinar cell death from necrosis to apoptosis, thereby preventing acinar cell necrosis-induced systemic inflammation.Conclusion: This study demonstrated that stigmasterol exhibits a significant protective effect aganist AP, at least in part through enhancing acinar cell apoptosis via modulating the ERK signaling pathways.Keywords: stigmasterol, acute pancreatitis, apoptosis, network pharmacology, molecular docking
1 INTRODUCTION
Acute pancreatitis (AP) is a potentially life-threatening condition characterized by acute inflammation of the pancreas (Xiao et al., 2016; Dambrauskas et al., 2010; Akinosoglou and Gogos, 2014), often accompanied by a systemic inflammatory response and, in severe cases, multi-organ dysfunction (Mederos et al., 2021; Mayerle et al., 2019). The pathophysiology of AP is complex, involving a cascade of events that begin with the activation of digestive enzymes within the pancreas, leading to autodigestion and subsequent inflammation. Nevertheless, the AP pathogenesis remains elusive, necessitating further clarification. The outcome of AP is determined by the type of acinar cell death. The type of cell death including inflammatory death (ferroptosis, pyroptosis) and non-inflammatory death (apoptosis, autophagy) (Mayerle et al., 2019) Previous studies have confirmed that apoptosis plays a role of self-protection in pancreatitis, mainly due to the fact that apoptosis activation can inhibit other inflammatory death processes and thus avoid the occurrence of systemic inflammation, but the specific mechanism of action is still unclear (Kaiser et al., 1995; Bhatia et al., 1998; Chen et al., 2019). Therefore, it is important to explore the mechanism of inflammatory response and acinar cells apoptosis.
Natural products, including plant-derived compounds, have long been recognized as sources of potential therapeutic agents due to their diverse biological activities and relatively low toxicity (Ma et al., 2011; Zhang et al., 2021), providing numerous new avenues for AP treatment. Phytosterols, naturally occurring steroids abundant in plant tissues, are renowned for their health-bolstering attributes. Consumption of phytosterol-rich diets curbs cardiovascular risk and displays potent anti-inflammatory (Garcia-Llatas and Rodriguez-Estrada, 2011; Moreau et al., 2002) and antioxidant capacities effects (Moreau et al., 2002; Ramu et al., 2016). Stigmasterol (Stigma), a natural plant sterol widely distributed in various herbs and vegetables (Ramu et al., 2016; Aboobucker and Suza, 2019), has garnered attention for its anti-inflammatory, antioxidant, and cholesterol-lowering properties (Liang et al., 2020; Yuan et al., 2019; Sun et al., 2019; Zhang et al., 2023). The multifaceted nature of stigmasterol’s biological activities suggests that it may have potential in the treatment of inflammatory diseases, including AP. Recent studies show that the anti-oxidation and anti-inflammatory effects of Stigma may be related to its regulation of apoptosis (Lu et al., 2023), such as induced the activity of apoptotic proteins, including cleaved caspase-3, cleaved caspase-9, cytochrome c, and BAX. In view of the self-protective role of apoptosis in the progression of pancreatitis, we hypothesize that Stigma might promote the transformation of pancreatic acinar cells from necrosis to modulation, providing therapeutic potential in AP.
This study aims to explore the potential of stigmasterol in the context of AP using a combination of network pharmacology and experimental validation. Network pharmacology is an integrative approach that applies systems biology principles to analyze the interactions between drugs and biological systems, offering a comprehensive understanding of drug action (Xiong et al., 2020; Huang et al., 2017). This methodology is particularly well-suited for complex diseases like AP, where multiple pathways and targets are implicated in the disease process (Feng et al., 2024; Zhang et al., 2024). Specifically, we employed PPI analysis to identify potential stigmasterol targets in AP and then conducted molecular docking analysis to predict the binding affinity of stigmasterol to these targets. Using PPI and molecular docking, we found that MAPK3 (ERK1) is an effective target for the treatment of acute pancreatitis. Extracellular signal-regulated kinase 1 (ERK1) has been shown to play a crucial role in the pathogenesis of AP. As a member of the MAPK family, ERK1 is involved in cell proliferation, differentiation, and apoptosis. Modulating MAPK signaling pathways has been shown to promote the apoptosis of acinar cells while reducing inflammatory damage to the pancreas. However, it is unclear whether Stigma treatment would affect the ERK1 signaling pathway and result in the modulation of acinar cell apoptosis.
In this study we hypothesized that Stigma treatment could protect mice from pancreatic injury through enhancing cell apoptosis via modulating ERK1 signaling pathway. To address this hypothesis, we evaluated changes in pancreatic histology, serum amylase and lipase activities to elucidate the impact of Stigma on AP-induced damage at both cellular and systemic levels. Moreover, Western blotting, Immunohistochemical, and TUNEL Staining were conducted to determine the regulatory role of Stigma on cell apoptosis and ERK1 signaling pathway. The research route is illustrated in Figure 1.
[image: Figure 1]FIGURE 1 | All technical approaches rely on network pharmacology and experimental verification. (A) Network Pharmacology Analysis. (B) in vitro assays. (C) in vivo assays.
2 MATERIALS AND METHODS
2.1 Chemicals and reagents
Stigmasterol (HY-N0131) were acquired from MCE (Shanghai, China). Cell counting kit-8 (MA0218-1) and Propidium Iodide (MB2920-1) was obtained from meilunbio (Dalian, China). Hoechst 33342 (40731ES10) were purchased from Yeasen Biotechnology Co, Ltd. (Shanghai, China). Calcein AM (C2012) was obtained from Beyotime Biotechnology (Shanghai, China). DeadEnd™ Fluorometric TUNEL System (G3250) were purchased from Promega (America).
2.2 Data collection
The PubChem database furnished the generic name, CID, and 3D configuration of Stigma. SwissTargetPrediction database contributed Stigma-derived target sets, while GeneCards sourced AP-associated targets. Commonality analysis among these targets was executed utilizing Venny 2.1.0 software.
2.3 Network analysis
Network analyses were conducted with Cytoscape 3.9.1, where nodes’ significance was quantified by scores, inversely correlated with color intensity. STRING facilitated the construction of a PPI network for shared targets, revealing interconnected target clusters. Within these clusters, the most significant node, designated SEED, emerged as a potential cluster key target. Consequently, the top 15 genes and SEEDs were prioritized as crucial hubs from the PPI landscape.
2.4 Gene ontology enrichment analysis
We employed the KOBAS 3.0 platform to execute GO enrichment investigations on shared targets and hub genes, applying a p-value threshold of <0.05 for result filtration. The top 15 enriched GO terms were visually represented using Omicshare via circular, histogram, and bubble diagrams.
2.5 Molecular docking
The RSCB PDB database facilitated the retrieval of gene structures, while PubChem sourced the SDF format of compounds. PyMOL software was instrumental in docking, visualizing protein residues and binding interactions, creating 3D structures, and displaying the intricate molecular interactions.
2.6 Experimental animals
Ethical clearance for the study’s entirety was granted by the Ethics Review Board of West China Hospital, Sichuan University (Approval ID: 20220221068). Male C57BL/6 mice, weighing 23–25 g and aged 6–8 weeks, were procured from SPF Biotechnology Co., Ltd. (Chengdu, China). The mice underwent a week-long acclimatization period in a pathogen-free environment, with temperature regulated at 20°C–22°C, humidity maintained at 55%, and a standard 12-h light-dark cycle.
2.7 AP model establishment and experimental design
Prior to surgery, animals underwent a 12 h fasting period. Mice were randomly divided into four groups, each containing 5-8 animals. STC-induced AP mouse model: After anesthesia with 1% pentobarbital sodium, AP was induced through retrograde injection into the pancreatic duct using 3.5% sodium taurocholate (STC). Stigma was administered intraperitoneally at doses of 50 mg/kg or 100 mg/kg, with saline serving as the control, given 1 hour after model induction. Stigma was dissolved in saline. 24 h after administration, mice were anesthetized with an intraperitoneal injection of 1% pentobarbital, then euthanized by cervical dislocation, and serum, pancreas, and lung tissues were collected.
2.8 Primary pancreatic acinar cells isolation
Primary pancreatic acinar cell are prepared with modification of the technique developed by Delia Menozzi (Menozzi et al., 1990) and Zhao et al. (Zhao et al., 2018). Fresh pancreas was infused with buffer A (140 mM NaCl, 4.7 mM KCl, 1.13 mM MgCl2, 1 mM CaCl2, 10 mM glucose, 10 mM HEPES, and 0.5 mg/mL soybean trypsin inhibitor [pH 7.3]) containing 0.3 mg/mL collagenase, minced and digested (19 min, 100 rpm/min shaking, 37°C). Mechanical disruption separated the cells, which were then passed through a 100-μm cell strainer. Cell precipitation was achieved by centrifugation at 700 rpm for 2 minutes, and the cell pellet was resuspended in HEPES buffer, and complete the follow-up experiment within 5 hours.
2.9 Histological examination
Pancreatic tissues were fixed in 10% formalin, dehydrated and embedded in paraffin. Tissue sections were cut and stained with hematoxylin and eosin (H&E) for histological examination.
2.10 TUNEL staining
Pancreatic tissues were fixed in 10% formalin, dehydrated, and paraffin embedded. Tissue sections were excised, followed by TUNEL staining. The specific methods are as follows (Kyrylkova et al., 2012): 1) Wash sections 2× with PBS, 5 min each time (to remove OCT); 2) Fix sections with 4% paraformaldehyde in PBS for 15 min; 3) Wash the sections 2× with PBS, 5 min each time; 4) Treat sections with 1 μg/mL proteinase K in PBS for 10–20 min; 5) Wash sections with PBS for 5 min; 6) Refix sections with 4% paraformaldehyde in PBS for 5 min; 7) Wash sections 2× with PBS, 5 min each time; 8) Prepare a positive control; 9) Remove excess liquid from the slides. Add 100 μL per slide of equilibration buffer. Cover slides with plastic coverslips -carefully and incubate for 5–10 min; 10) Carefully remove plastic coverslips and excess buffer from the slides. Add 100 μL per slide of TdT reaction mix. Meanwhile, prepare a negative control (optional): Add -negative control mix instead of TdT reaction mix. Cover the slides with plastic coverslips carefully. Incubate the slides at 37°C for 60 min; 11) Wash sections with 2× SSC for 15 min; 12) Wash sections 3× with PBS, 5 min each time; 13) Add 120 μL per slide of SA–Cy3 diluted in PBS (1:500). Cover the slides with plastic coverslips carefully. Incubate the slides for 30–45 min; 14) Wash sections 3× with PBST, 10 min each time; 15) Transfer slides to a slide rack. Wash the sections 2× with dH2O, 3 min each time; 16) Dehydrate sections 1× in 50, 70, and 95% ethanol in water, and 2× in 100% ethanol, 3 min each time; 17) Incubate sections 2× in xylene, 3 min each time; 18) Mount slides with DPX and apply micro cover glasses, being careful not to trap any air bubbles. Let slides dry overnight.
2.11 Cell culture and cytotoxicity study
266–6 cell were cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin at 37°C and 5% CO2 humidity. Inoculation of 266–6 cell in 96-well plates at a concentration of approximately 1.5*104/100 μL per well (n = 3). 24 h later, the plates were incubated with different concentrations of Stigma (25, 50, 100, and 200 μM) in the well plates for 24 h. After 24 h, 10 μ of CCK-8 solution was added to each well. The cytotoxicity assay was measured with the Cell Counting Kit-8 (CCK-8) assay.
2.12 Serum amylase and lipase measurement
Blood collected post-anesthesia via cardiac puncture into serum separator tubes was centrifuged at 3,000 rpm for 10 min to obtain serum. A 50 μL aliquot of serum was diluted with distilled water to a final volume of 300 μL, and serum amylase and lipase levels were measured using a fully automated biochemical analyzer (Roche, Mannheim, Germany) following the manufacturer’s instructions.
2.13 Propidium iodide (PI) staining
Freshly isolated primary pancreatic acinar cells were treated with STC (final concentration 5 mM) and co-incubated with Stigma at 37°C for 50 min. Cells were subsequently stained with Hoechst 33342 (50 μg/mL) and propidium iodide (PI, 1 μmol/mL). Images were captured using an upright fluorescence microscope (Axio Imager Z2, Zeiss, Oberkochen, Germany), and displaying Hoechst 33342/PI fluorescence. Upon analyzing each stained preparation, 3 randomly selected fields of view per group were counted using ImageJ to count all live cells and all pi-positive (necrotic) cells in the area.
2.14 Microscale thermophoresis (MST) assays
The dye was first incubated (Entzian and Schubert, 2016) with ERK1 recombinant protein for 30 min and placed on ice to be assayed. A starting concentration of 100 μm was selected for Stigma, which was then 2-fold gradient diluted to 16 concentrations. 10 μL of 200 nM aptamer working solution was added to 10 μL of each ligand dilution and the samples were mixed by pipetting. Incubate the samples at room temperature for 5 min, then fill a standard capillary with the sample. Place the capillary on the capillary tray and insert it into the MST device.
2.15 Q-PCR analysis
The total RNA of was isolated using TRIzol™ reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. Total RNA was reverse-transcribed using Hifair III first Strand cDNA Synthesis SuperMix (Yeasen, Shanghai, China). Real-time qPCR was performed using Hieff® qPCR SYBR Green Master Mix Kit (Yeasen, Shanghai, China) on a Thermo Q6 Real-Time System, according to the manufacturer’s instructions. Gene expression relative to that of β-actin was analyzed for each sample using the 2−ΔΔCT method. The primers were designed and synthesized as follows:
TNF-α-F: 5′-CCT​GTA​GCC​CAC​GTC​GTA​G-3′;
TNF-α-R: 5′-GGG​AGT​AGA​CAA​GGT​ACA​ACC​C-3′;
IL-1β-F: 5′-GAA​ATG​CCA​CCT​TTT​GAC​AGT​G-3′;
IL-1β-R:5′- TGG​ATG​CTC​TCA​TCA​GGA​CAG-3′;
IL-6-F: 5′-AGT​TGC​CTT​CTT​GGG​ACT​GA-3′;
IL-6-R:5′-TCCACGATTTCCCAGAGAAC-3′;
β-actin-F:5′-GTGACGTTGACATCCGTAAAGA-3′;
β-actin-R:5′-GCCGGACTCATCGTACTCC-3′.
2.16 Western blot analysis
Similar to the accepted experimental procedure, in simple terms, the protein was separated by SDS-PAGE gels, then transported to PVDF membrane, and finally incubated with primary antibody and HRPlabeled secondary antibody, and the final blot image was observed.
2.17 Statistical analysis
Data are presented as the mean ± standard deviation (SD). Statistical analysis were conducted using GraphPad Prism 8.0, employing two-sided Student’s unpaired t-tests or one-way analysis of variance (ANOVA) as appropriate. We did a G-power on all our results based on the sample sizes and test levels of the study results, which confirmed that all statistical power were greater than 0.8.
3 RESULTS
3.1 Screening of potential targets
Stigma is a phytosterol with anti-inflammatory properties, its chemical structure formula is shown in Figure 2A (Haque et al., 2021). In this study, the SwissTargetPrediction database was utilized to predict targets for Stigma, and a total of 99 potential targets were obtained (Figure 2B). GeneCards was used to screen 3,398 potential targets which related to AP. Cluster analysis was conducted using the MCODE plug-in, yielding five clusters including KRAS, IL-6, INS, ALB, CPB1. Each cluster was marked by a red circle representing a seed node (Figures 2C–G).
[image: Figure 2]FIGURE 2 | Network analysis of predict targets for Stigma compound and AP. (A) Structure of the Stigma. (B) Potential targets for Stigma. (C–G) Cluster analysis identified the top 5 core seed nodes involved in AP in the corresponding clusters. The seed nodes in each cluster were marked with red circles.
3.2 Cluster analysis of PPI network with compound-disease common targets
The Venny diagram showed that 61 common targets were identified by matching 99 drug targets and 3,398 disease targets (Figure 3A), which are potential therapeutic targets of Stigma for acute pancreatitis. The 61 targets are imported into the STRING database to obtain the PPI network. There are 61 Nodes and 221 Edges in the PPI network. The “Cytoscape” plug-in can be used to analyze the Degree value of the targets, and the analyzed topological parameters can be used to visualize the PPI network, the larger the shape and the darker the color, the larger the Degree value of the node (Figure 3B). The top 15 core targets were selected: PPARG, ESR1, HIF1A, MAPK3, MDM2, CDK4, PGR, AR, PPARA, HMGCR, NR3C1, CYP19A1, ESR2, TERT, CYP17A1.
[image: Figure 3]FIGURE 3 | Cluster analysis of PPI network with compound-disease common targets. (A) Venny diagram of 61 targets, which was intersection of the Stigma compound predicted targets and AP-related targets. (B) The PPI network of 61 common targets. (C) Top 15 BP, CC and MF in GO analysis of the common 61 targets.
GO analysis and KEGG analysis were performed on the intersecting targets, including biological processes, cellular components and molecular functions, The enrich circle plot were used to visualize the enrichment results of the top 15 GO terms. The outermost circle showed the classification of GO enrichment, and the purple represents BP, the pink represents MF, the yellow represents CC. The second circle showed the P-value, the smaller the value, the darker the color. The third circle showed the total number of foreground genes. The fourth circle showed the RichFactor value of each classification. The results showed that BP was most related to positive regulation of nitric-oxide synthase activity, CC was most related to RNA polymerase II transcription factor complex, and MF was most related to RNA polymerase II core promoter proximal region sequence-specific DNA binding (Figure 3C).
3.3 The binding studies of ERK1 and stigma
We next select the top 6 targets of Stigma to conduct molecular docking analysis to confirm the interaction between Stigma and its potential targets. A reduced docking score correlates positively with enhanced ligand-receptor binding strength, predictive of heightened interaction potential. Binding energies for all targets against Stigma fell below −5.0 kJ/mol. MAPK3 was rated as low as −6.57, suggesting which may be an important target for Stigma in the treatment of AP. 3D binding configurations are visualized in Figure 4, revealing probable intermolecular engagements between core compounds and their protein targets, as depicted in the docking analyses. Furthermore, we introduce microscale thermophoresis (MST) as a tool to characterize protein-small molecule interactions in biological liquids. Notably, the results of MST assays indicate that ERK1 and Stigma may directly interact with each other (Supplementary Figure S1). Taken together with other data, these results suggest that Stigma may exert its pharmacological activity through ERK1.
[image: Figure 4]FIGURE 4 | Results of molecular docking and the 2D docking diagram of Stigma. (A, B) MAPK3, (C, D) EGFR, (E, F) PPARG, (G, H) HIF1A, (I, J) MDM2 and (K, L) CDK4.
3.4 Stigma treatment relieved the severity of STC-induced AP in mice
To verify the therapeutic activity of Stigma in vivo, we established a STC-induced AP mouse model and treated the mice according to the drug regimen designed in Figure 5A. The results indicated that the pancreatic tissues of mice in the AP group exhibited obvious edema, inflammatory infiltration. Notably, compared to the AP group, both 50 mg/kg and 100 mg/kg Stigma ameliorated the pancreatic tissue pathological damage, with the higher dose demonstrating a more pronounced improvement effect (Figure 5B). We statistically analyzed the ratio of pancreatic weight to body weight to assess the degree of pancreatic edema in each group of mice, and the results were shown in Figure 5C. The pancreas/body weight ratio was significantly higher in the STC group compared with that of the Sham group, and the pancreas/body weight ratio in the 100 mg/kg Stigma group was significantly lower than that of the STC group. Furthermore, serum lipase and amylase levels were found to be significantly elevated in STC mice, while treatment of Stigma reduced these indicators, with the 100 mg/kg Stigma group exhibiting a more significant therapeutic effect (Figures 5D, E). Moreover, Stigma intervention markedly decreased LDH leakage into the serum of AP mice subjected to STC challenge, indicative of its protective role in acinar cell necrosis (Figure 5F). Notably, H&E staining revealed that Stigma administered intraperitoneally mitigated STC-induced pancreatic tissue injury, including edema, inflammatory cell infiltration, and acinar necrosis, with the 100 mg/kg dose yielding a superior therapeutic response (Figures 5G–J). Collectively, these findings underscore the protective potential of Stigma against STC-induced AP in mice.
[image: Figure 5]FIGURE 5 | Stigma relieves STC-induced AP in mice. (A) Schematic diagram of the establishment of STC-induced AP mouse model and the therapeutic process via i v. (intravenous) injection. (B) Representative images of pancreatic morphology. (C) Ratio of pancreas to body weight in mice. (D, E) Serum levels of amylase and lipase in mice. (F) LDH Release levels in mouse serum. (G) H&E staining of mice pancreatic sections. Stained sections were taken at magnification of 50 μm and 20 μm. (H–J) Histopathological scoring of pancreatic tissue involving three assessment indices: edema, inflammatory infiltration and parenchymal necrosis. Black arrows point to inflammatory cells, triangles mark areas of necrosis, and blue arrows point to the width of the pancreatic lobular space, representing the degree of edema. All data are expressed as mean ± SD. n = 5. All the *p < 0.05. ns: not significant.
3.5 Stigma reduces inflammation in mice with AP
Myeloperoxidase (MPO), an established marker of neutrophil activation, offers valuable insights into neutrophil infiltration assessment. Immunohistochemical (IHC) analysis was employed to quantify MPO expressions. Notably, strong MPO immunostaining was discernible in pancreatic acinar cell of the AP group. Stigma, administered at varying concentrations, significantly attenuated MPO levels, with the 100 mg/kg dose exhibiting superior efficacy over 50 mg/kg (Figures 6A, B). This finding aligns with HE staining outcomes, suggesting that Stigma mitigates acinar cell damage in STC-induced acute pancreatitis. Cytokine-driven inflammatory responses, including those mediated by tumor necrosis factor-α (TNF-α), IL-1β, and IL-6, play a pivotal role in the progression of AP (Papachristou, 2008). As shown in Figures 6C–E, the AP group showed significantly raised levels of serum TNF-α, IL-6, and IL-1β in comparison with the sham group. To determine whether Stigma treatment could downregulate the transcription levels of inflammatory cytokines in STC-induced acute pancreatitis, we investigated these inflammatory cytokines using q-PCR. In the AP groups, the levels of TNF-α, IL-6 and IL-1β was significantly increased, whereas Stigma treatment reduced their production (Figures 6F–H). These results demonstrate that Stigma treatment effectively mitigates the production of inflammatory cytokines in STC-induced acute pancreatitis.
[image: Figure 6]FIGURE 6 | Stigma reduces inflammation in AP mice. (A, B) Representative immunohistochemistry images and quantitative analysis of MPO on the pancreas sections in STC-induced AP model mice treated with or without Stigma (i.g, 50 or 100 mg/kg/d, 7d). Stained sections were taken at magnification of 50 μm and 20 μm. (C–E) Levels of IL-6, TNF-α and IL-1β in mouse serum were determined by ELISA. (F–H) IL-6, TNF-α and IL-1β levels in STC stimulated primary pancreatic acinar cells were measured by quantitative PCR assay. All data are expressed as mean ± SD. n = 3 or 5. All the *p < 0.05. ns: not significant.
3.6 Stigma inhibits STC-induced AP through ERK1 pathway
Based on the hub targets and pathway predictions from network pharmacology, the therapeutic effect of Stigma appears to be associated with ERK1 signaling pathway. To validate these results, we performed Western blotting (WB) analysis, which revealed a significant increase in the expression of p-ERK in pancreatic acinar cell stimulated by STC (Figure 7A). Moreover, Stigma mitigated the upregulation of p-ERK expression observed in STC-induced AP, consistent with the results derived from network pharmacology (Figure 7B), indicating that ERK related pathways are crucial for the therapeutic effect of Stigma in AP. Subsequently, leveraging the results from Cluster analysis and KEGG, we performed Western blotting analysis on the upstream and downstream proteins of p-ERK in the AP pathway. The results showed that the expression of B-RAF and KRAS was upregulated in STC-induced AP, but this upregulation was reversed by Stigma treatment (Figures 7C–E). To deepen our understanding of the connection between STC-induced AP and the ERK1 signaling cascade, we delved into the expressions of p-ERK and B-RAF via IHC analysis. Our findings indicated an increase in the IHC staining for p-ERK and B-RAF in the AP group. In contrast, Stigma intervention mitigated this positivity, with a more discernible decline noted in the high-dose regimen. (Figures 7F–I).
[image: Figure 7]FIGURE 7 | Stigma inhibits p-ERK/B-RAF/KRAS pathway with STC-induced AP in mice. (A, B) Representative Western blotting and quantitative analysis of p-ERK proteins in primary pancreatic acinar cells. (C–E) Representative Western blotting and quantitative analysis of B-RAF and KRAS proteins in primary pancreatic acinar cells. (F, G) Representative immunohistochemistry images and quantitative analysis of p-ERK on the pancreas sections in sodium taurocholate (STC)-induced AP model mice treated with or without Stigma (i.g, 50 or 100 mg/kg/d, 7d) (G–I) Representative immunohistochemistry images and quantitative analysis of B-RAF and KRAS on the pancreas sections in sodium taurocholate (STC)-induced AP model mice treated with or without Stigma (i.g, 50 or 100 mg/kg/d, 7d). Stained sections were taken at magnification of 50 μm and 20 μm. All data are expressed as mean ± SD. n = 3 or 5. All the *p < 0.05. ns: not significant.
Collectively, these results demonstrate that Stigma mitigates acinar cell injury in STC-induced AP may be by modulating ERK1-related pathways.
3.7 Stigma relieves primary pancreatic acinar cells injury in STC-induced AP
In deeply explore the potential protective effect of Stigma in STC-induced necrosis in primary pancreatic acinar cell, we first examined the cytotoxicity of various concentrations of Stigma using the CCK-8 assay kit, along with Hoechst and PI live-dead cell staining. The CCK-8 assay (Figure 8A) and Hoechst and PI live-dead cell staining results (Figures 8B, C) indicated that after 24 h of incubation with 200 μM of the drug, the survival rate of 266–6 cells exceeded 80%. Subsequently, we extracted primary pancreatic acinar cells and used STC stimulation to establish a in vitro model of AP, with interventions of Stigma at concentrations of 50 μM and 100 μM. The results showed that STC stimulation led to a significant increase in cell necrosis, with the proportion of necrotic cells rising from 8.5% in the control group to 69.3% in the model group. Treatment with Stigma significantly reduced the proportion of necrotic cells, with the most pronounced inhibitory effect observed at 100 µM Stigma (Figures 8D, E). This data suggests the potential protective role of Stigma against STC-induced necrosis in pancreatic acinar cells.
[image: Figure 8]FIGURE 8 | Stigma relieves primary pancreatic acinar cells injury in STC-induced AP. (A) The cytotoxicity of Stigma is evaluated with CCK-8 assay. (B, C) Representative images and quantitative analysis of Hoechst 33,342 and PI staining in primary pancreatic acinar cells. 1 - (number of PI stained cells (necrotic) divided by number of Hoechst 33,342 positive cells) to calculate cell viability percentage (%), 100 μm scale bar. (D) Representative images of Hoechst 33,342 and PI staining in STC stimulated primary pancreatic acinar cells treated with or without Stigma. 100 μm scale bar. (E) Quantitative analysis of STC-induced primary pancreatic acinar cell necrosis. The number of PI-stained cells (necrotic) was divided by the number of Hoechst 33,342-positive cells to calculate the percentage of necrosis (%). All data are expressed as mean ± SD. n = 3. All the *p < 0.05. ns: not significant.
3.8 Stigma promotes acinar cells apoptosis in STC-induced AP
Typically, apoptosis is regarded as advantageous upon the initiation of AP, as it effectively averts the propagation of the inflammatory cascade, thereby mitigating deleterious consequences. TUNEL staining was used to analyze apoptosis of acinar cells, and our results revealed pancreatic acinar cells underwent apoptosis upon the induction of STC, as depicted in Figure 9A. After Stigma treatment, the incidence of TUNEL-positive cells has significantly increased (Figure 9B). Calcein-AM/Propidium Iodide (PI) Staining shows increased number of PI-Positive cells after Stigma treatment (Figures 9C, D). We investigated the expression of Bcl-2 and Bax by WB in acinar cells. The WB analysis demonstrated that Stigma exhibited markedly elevated the ratio of Bcl-2/Bax in comparison to both the sham and AP groups. WB analysis showed that Stigma exhibited a significantly elevated Bcl-2/Bax ratio compared to the sham and AP groups (Figures 9E, F). This indicates that Stigma significantly enhanced the apoptosis of pancreatic acinar cells in AP.
[image: Figure 9]FIGURE 9 | Stigma promotes acinar cell apoptosis in STC-induced AP. (A) Representative images of TUNEL staining for the evaluation of apoptotic acinar cells in mice with STC-induced AP 50 μm scale bar. (B) Statistical results on the proportion of pancreatic acinar cells undergoing apoptosis in each group. (C) Representative images of Calcein-AM/PI staining from pancreatic acinar cells, 100 μm scale bar. (D) Statistical results on the proportion of pancreatic acinar cells undergoing apoptosis in each group. (E, F) Representative images and quantitative analysis of Bax as well Bcl-2 proteins in STC-stimulated primary pancreatic acinar cells treated with or without Stigma. All data are expressed as mean ± SD. n = 3 or 5. All the *p < 0.05. ns: not significant.
4 DISCUSSION
AP is manifested by pancreatic damage and inflammatory responses, leading to local and systemic complications, with high morbidity and mortality worldwide (Tarasiuk and Fichna, 2019; Lodewijkx et al., 2016; Yadav and Lowenfels, 2013). Current treatment guidelines for AP include intravenous fluids, dietary changes, analgesics, pancreatic secretory inhibitors (somatostatin and its analogues octreotide) (Dimagno, 2015). Specific therapeutic modalities, including trypsin inhibition to reduce necrosis of pancreatic tissue, such as the use of ustekinumab with mebeverine and octreotide, have shown limited efficacy. There is a lack of drugs that can significantly inhibit necrosis of pancreatic cells and uncontrolled inflammatory responses. As a result, there is renewed interest in botanicals, which have no serious adverse effects and are beneficial not only for symptoms but also for disease evolution. In addition, dietary preparations such as phytochemicals, which generally remain non-toxic even at relatively high doses and are inexpensive, have great potential. Recent studies have shown that some phytochemical components have been proven to have good pharmacological effects in the treatment of AP, such as lycopene, curcumin, cinnamin B-1, capsaicin, piperine, lycopene, resveratrol (Thorat et al., 1995; Sidhu et al., 2011; Wang et al., 2014; Bae et al., 2011; Ozkan et al., 2012). But so far, there are no studies exploring the therapeutic effect of Stigma on AP. This study represents the first exploration into the role of Stigma in the AP process.
Stigma is a natural sterol that features a double bond at the C-22 position (Mora-Ranjeva et al., 2006). It belongs to a larger class of plant compounds known as phytosterols, which are widely found in plant-based foods and common medicinal plants across the globe (Ryan et al., 2007). Research has shown that Stigma possesses a variety of pharmacological activities, including anti-inflammatory and anti-oxidative stress properties (Antwi et al., 2017; Feng et al., 2017; Morgan et al., 2021; Sampath et al., 2021a). Specifically, Liang et al. discovered that Stigma could reduce the production of free radicals and lipid peroxidation, demonstrating its effectiveness in combating oxidative damage (Sampath et al., 2021b). Fan J et al. demonstrated that Stigma could mediate the secretion of inflammatory cytokines by regulating NF-κB signaling or the NLRP3 inflammatome (Feng et al., 2017). Liang et al. found that Stigma can relieve oxidative stress, inflammation, and apoptotic responses to a certain extent to protect the brain from brain I/R damage (Liang et al., 2020). However, the anti-inflammatory effects of Stigma have yet to be studied in the context of the STC-induced AP model. Our study demonstrates that, compared to existing treatments for AP, Stigma significantly reduces acinar cell necrosis and inflammatory factor release, inhibits the secretion of amylase and lipase in experimental pancreatitis models in vitro and in vivo, providing a substantial anti-pancreatitis effect. Additionally, its analog, the isospirostanol analog diosgenin, has therapeutic effects on AP (Zhang et al., 2016). However, diosgenin has cell perforation, hemolysis and hormone-like side effects such as gonadotropin hyperplasia and reproductive toxicity, which seriously limits its clinical application (Lin and Wang, 2010; Gao et al., 2024). While, Stigma exhibits no such side effects and has weaker hormone-like effects during the anti-inflammatory process, making it a more advantageous candidate as an anti-pancreatitis drug.
Network pharmacology is a powerful approach for identifying bioactive compounds and predicting drug targets using advanced computational simulations. Through molecular docking studies, we have identified that Stigma exhibits the strongest binding affinity with ERK1, suggesting that ERK1 is a promising target for Stigma. Furthermore, and the interaction between Stigma and ERK1 was directly verified by MST, which combined with WB and IHC to detect the phosphorylation level of ERK1, providing evidence that Stigma is actively involved in regulating the activation of ERK1 signaling pathway.
The MAPK signaling pathway plays a central role in regulating cellular behavior and the signaling of inflammatory factors, thereby influencing immune cell function and enhancing the activation of the immune system to combat foreign pathogens. This pathway also plays a key role in modulating and reducing the body’s inflammatory response (Zhou et al., 2020; Ma et al., 2018). Among the MAPK family members, ERK1 (MAPK3) is particularly significant in controlling inflammatory responses and apoptotic pathways. The Raf/MEK/ERK1 axis represents a classic signaling cascade within the MAPK subfamily. Phosphorylated Raf (p-Raf), the initiator of this pathway, triggers the phosphorylation of downstream MEK (p-MEK), which in turn activates and phosphorylates ERK1 (p-ERK), thereby influencing the expression of downstream inflammatory mediators. This cascade ultimately modulates the overall inflammatory response (He et al., 2024). By integrating network pharmacology with previous research findings, we analyzed the expression and mRNA levels of the ERK1 pathway-associated proteins RAS, RAF, and ERK1 in mouse acinar cells. The results from qPCR, WB, and IHC revealed a significant downregulation of ERK1, KRAS, and B-RAF mRNA and protein expression levels compared to the model group. These findings suggest that Stigma may alleviate AP inflammation by promoting apoptosis and inhibiting ERK1 expression.
Apoptosis, initially defined as a physiological or programmed form of cell death, is characterized by distinct morphological changes such as cell atrophy, retention of organelles, and nuclear chromatin condensation, all of which occur in response to various stress-related stimuli. The regulation of apoptosis is primarily governed by the Bax and Bcl-2 genes, with the Bax/Bcl-2 ratio, rather than the absolute levels of these proteins, serving as a critical determinant of a cell’s susceptibility to apoptosis (Hou et al., 2017; Vucicevic et al., 2016). The present study demonstrated that the therapeutic mechanism of Stigma in treating AP was closely linked to ERK1, which plays a pivotal role in regulating the expression of apoptosis-related molecules such as Bcl-2 and Bcl-XL. These molecules are essential for cell growth, development, and proliferation (Chang et al., 2003). ERK1 activation can upregulate anti-apoptotic proteins like Bcl-2 and induce its activation, which in turn promotes Bcl-2 expression, inhibits cytochrome c (Cyt-c) release, preserves mitochondrial function, and suppresses apoptosis (Romerio and Zella, 2002). Additionally, ERK1 can inhibit the pro-apoptotic activity of Bim by preventing its binding to Bax through phosphorylation (Harada et al., 2004). Recent studies showed that the degree of apoptosis in pancreatic acinar cells was inversely correlated with the severity of acute pancreatitis, suggesting that apoptosis may serve as a protective mechanism in this condition (Fuchs and Steller, 2011; Bhatia, 2004). In this study, apoptosis was assessed using TUNEL and Calcein-AM/PI staining, and the results showed that Stigma treatment promoted apoptosis. Specifically, we observed an increase in Bax expression and a decrease in Bcl-2 expression, leading to a significant elevation in the Bax/Bcl-2 ratio. These findings suggest that Stigma-induced cell death is regulated by the Bax/Bcl-2 pathway.
The comprehensive approach employed in this study establishes a solid foundation for further exploration of natural product components, their associated targets, and potential mechanisms of action in the treatment of AP. While these findings offer valuable insights into the therapeutic potential of Stigma for treating AP, there are still a series of defects. First, our research model STC-induced AP is to simulate cholestatic pancreatitis (Chen et al., 2018), in addition to cholestatic pancreatitis, there are other types of clinical AP, such as alcohol-origin pancreatitis, hypertrig lyceridemia-AP, etc., whether Stigma can protect against other types of remains to be further studied. Meanwhile, the STC-induced pancreatitis model is widely regarded as closely mimicking SAP due to the significant tissue damage and systemic inflammatory response it generates. While, this model is unsuitable for studying mild pancreatitis, which presents with less severe symptoms. In addition, STC-AP is still different from real clinical cholestasis and cannot completely replicate human disease, and the AP-related mechanisms discovered based on these modeling studies must be interpreted with caution, and the future translation of Stigma still needs clinical support. Network pharmacology utilizes computer simulations and various databases to screen drug molecular targets and predict their signaling pathways and mechanisms of action, but the network pharmacology approach still has inherent limitations in predicting in vivo outcomes. To compensate for these shortcomings, we first used MST to provide direct evidence for the binding of Stigma and ERK1, and then our in vitro and in vivo experimental results further solidified the effect of Stigma on the ERK1 signaling pathway. Additional fundamental research and clinical trials are essential to validate these conclusions and address any safety concerns related to Stigma.
5 CONCLUSION
This study represents the first attempt to integrate network pharmacology with experimental validation to explore the mechanism of Stigma in treating AP. The results confirmed that Stigma can mitigate the severity of AP by inhibiting the RAS/RAF/MEK/ERK1 signaling pathway and promoting the apoptosis of acinar cells. These findings suggest that Stigma could be a promising therapeutic agent for AP, offering a novel and effective approach to managing this condition.
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5-Lipoxygenase (5-LO), encoded by the gene ALOX5, is implicated in several pathologies. As key enzyme in leukotriene biosynthesis, 5-LO plays a central role in inflammatory diseases, but the 5-LO pathway has also been linked to development of certain hematological and solid tumor malignancies. Of note, previous studies have shown that the leukemogenic fusion protein MLL-AF4 strongly increases ALOX5 gene promoter activity. Here, we investigate the upregulation of ALOX5 gene expression by MLL-AF4. Using reporter assays, we first identified the tandem GC box within the ALOX5 promotor sequence as the main target of MLL-AF4. Subsequently, we narrowed down the domains within the MLL-AF4 protein responsible for ALOX5 promoter activation. Our findings indicate that MLL-AF4 binds to the ALOX5 promoter via its CXXC domain and that the AF9ID, pSER and CHD domains redundantly activate transcriptional elongation. Knockdown of the MLL-AF4 gene in the human B cell line SEM revealed that MLL-AF4 is an inducer of ALOX5 gene expression in leukemic cells with lymphoid properties. Finally, we found that the MLL-AF4-related protein MLL-AF9, a driver of acute myeloid leukemia, similarly acts on the ALOX5 promoter. Taken together, we show that two prominent MLL fusion proteins are ALOX5 gene inducers in cells with lymphoid features.
Keywords: 5-lipoxygenase, MLL, MLL-AF4, leukemia, leukocyte, leukotriene
INTRODUCTION
The 5-lipoxygenase (5-LO) enzyme fulfills several cellular functions. First, it is well known as the pivotal enzyme in the biosynthesis of leukotrienes (Rådmark et al., 2015). Moreover, recent studies have shown that the protein elicits further non-canonical cellular functions as regulator of gene expression which interferes with β-catenin/Wnt and TGFβ signaling (Rådmark et al., 2007; Brand et al., 2018; Kreiß et al., 2022). Moreover, 5-LO can interact with the RNA-processing enzyme dicer, and thus, interferes with microRNA maturation and processing (Provost et al., 1999; Uebbing et al., 2021). Pathophysiologically, the 5-LO pathway is implicated in inflammatory reactions, but it is also known that high 5-LO expression correlates with the development of solid tumors as well as leukemogenesis (Moore and Pidgeon, 2017; Göbel et al., 2023; Claesson et al., 2024). Obviously, canonical and non-canonical 5-LO functions provide advantages for tumors regarding growth and progression (Kahnt et al., 2024).
The ALOX5 gene is located on chromosome 10 and spans a genomic range of around 82 kilobases (kb). The ALOX5 promoter structure has been analyzed in several studies, and binding sites for several proteins in transcriptional regulation have been found within a core region ∼800 bp from the translation start site (TSS) (Funk et al., 1989; In et al., 1997). In summary, ALOX5 gene expression is regulated in a complex manner via regulatory sequences controlling the initiation of transcription and others in distal gene regions regulating transcription elongation (Stoffers et al., 2010). Reporter gene studies revealed that the fusion protein MLL-AF4, a product of the leukemogenic chromosomal rearrangement of the genes KMT2A (MLL1) and AFF1 (AF4), induces ALOX5 core promoter activity by more than 40-fold (Ahmad et al., 2014; Ahmad et al., 2015). The MLL1 (mixed lineage leukemia, MLL) protein is a histone lysine N-methyltransferase and is encoded by the KMT2A gene (histone-lysine N-methyltransferase 2A) on chromosome 11q23. It serves as a platform for protein complexes involved in reading and writing of chromatin epigenetic modifications that regulate gene transcription. AF4 is encoded by the AFF1 gene (ALF transcription elongation factor 1) on chromosome 4 and serves again as a platform to form the multi-protein super elongation complex (SEC) (Benedikt et al., 2011; Marschalek, 2016). The rearrangements of chromosomes 4 and 11 results in two mutant chromosomes known as derivative chromosome 4 (der4) and derivative chromosome 11 (der11), encoding the fusion proteins MLL-AF4 and AF4-MLL, respectively. This rearrangement is one of the most prominent events in the onset of acute lymphoblastic leukemia (ALL) which is found in 5%–10% of all leukemia patients (Behm et al., 1996; Winters and Bernt, 2017). In addition, it is diagnosed as sole genetic aberration in 80% of all infant ALL cases (Meyer et al., 2023).
Given the prominent role of MLL-AF4 in leukemogenesis and its known activating potential on the ALOX5 promoter, the present study elucidates the mechanism of this interplay.
MATERIALS AND METHODS
Cell lines and culture conditions
If not stated otherwise, all cell culture materials have been purchased from Thermo Fisher Scientific™ (Thermo Fisher Scientific™ Waltham, Massachusetts, United States). The adherent cell lines: HeLa (ACC 57, DSMZ, Hannover, Germany), HT-29 (ACC 299, DSMZ) and U-2 OS (HTB-96, ATCC, Manassas, United States) were cultured in a humidified atmosphere with 5% CO2 at 37°C in Dulbecco’s modified Eagle´s medium without phenol red (wDMEM). The medium was supplemented with 10% fetal bovine serum (FBS, Capricorn Scientific GmbH, Ebsdorfegrund, Germany), 1 mM sodium pyruvate, GlutaMAX™, 100 U/mL penicillin and 100 μg/mL streptomycin. Cells were grown to 70%–90% confluency before being passaged (twice a week). The suspension cell lines MV4-11 (ACC 102, DSMZ) and SEM (ACC 546, DSMZ) were cultured in a humidified atmosphere with 5% CO2, at 37°C in RPMI 1,640 medium supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. Cultures were split twice a week. Both cell lines were seeded at a concentration of 0.3 × 106 cells/mL and 1.0 × 106 cells/mL for routine culture, respectively.
Plasmid design and cloning
A list of all DNA primer sequences and restriction enzymes used for cloning is provided in the supplementary materials. Restriction enzymes were purchased from New England Biolabs (New England Biolabs GmbH, Frankfurt am Main, Germany), DNA primers were received from Eurofins (Ebersberg, Germany). Promotor constructs were cloned using the NEBuilder HiFi DNA Assembly kit (New England Biolabs GmbH, Frankfurt am Main, Germany) and were introduced into DH5α E. coli. Vectors pGL3B and pRL-SV40 were purchased from Promega (Promega GmbH, Walldorf, Germany). The reporter construct containing 800 bp of the ALOX5 core promoter (pGL3-ALOX5-0.8) and a corresponding deletion construct lacking a characteristic five-fold tandem GC-Box (pGL3-ALOX5-0.8-∆GC) were designed by our group and previously referred to as pN10 and pN10∆GC0 (Klan et al., 2003). MLL-AF4 expression vectors are based on the empty vector pTarget (Ahmad et al., 2014), which is referred to in the present study as VC (vector control). The MLL-AF4 domain constructs contained the following amino acid positions (AA) of the wildtype protein sequence: MLL-AF4_∆CHD AA 1–1,869 (∆AA 1,870–226); MLL_ALFpSER AA 1–1,537 (∆AA 1,538–2,226); MLL_ALF AA 1–1455 (∆AA 1,456–2,226); MLL_CHD AA 1–1,362, 1,871–2,226 (∆AA 1,363–1,870); N-MLL AA 1–1,362 (∆AA 1,363–2,226); MLL-AF4_CXXCmut AA 1,188 C→D; MLL-AF4_∆AT AA 1–169, AA 309–2,226 (∆AA 170–308); MLL-AF4_∆Men∆AT AA 1-1, AA 309–2,226 (∆AA 2–308); Men-CXXC-CHD AA 1–18, AA 1,148–1,203, AA 1,871–2,226 (∆AA 19–1147, ∆AA 1,204–1,870). The expression vector for MLL-AF9 (pT-MLL-AF9) was cloned using the described plasmid N-MLL. The C-terminal part of the AF9 sequence, containing the last 193 amino acids of the protein, were amplified from cDNA generated from the cell line MonoMac 6 that carries a translocation t (9;11) (p22;q23) (Super et al., 1995). Plasmids pSBtetGH and pSB100X were obtained from Eric Kowarz (Goethe University, Frankfurt, Germany) and were used for the generation of stably transfected cell lines overexpressing an inserted transgene after incubation with doxycycline (Kowarz et al., 2015). The coding sequence for MLL-AF4 was inserted into the pSBtetGH construct to generate the pSBtetGH_MLL-AF4 plasmid. The C-terminal tagged GFP constructs (Men-CXXC-CHD-GFP, N-MLL-GFP, MLL_CHD-GFP, MLL-AF4_CXXCmut-GFP or MLL-AF4-GFP) were cloned by using the mentioned untagged constructs and the coding sequence for EGFP. The sequence was obtained by using the Lonza (Basel, Switzerland) pMAX-GFP control vector.
Generation of cell lines with inducible expression of MLL-AF4
Cell lines carrying a stably integrated, doxycycline-inducible expression system encoding MLL-AF4 were generated using the Sleeping Beauty transposon system (Kowarz et al., 2015). Plasmids employed were pSBtet-GH_MLL-AF4, encoding MLL-AF4, GFP and a hygromycin resistance marker, as described under plasmid design and cloning and SB100X encoding transposase (Kowarz et al., 2015). For transfection, HT-29 cells and U-2 OS cells (1 × 106 and 0.3 × 106 per well, respectively) were seeded into 6-well plates in 5 mL wDMEM. A total of 1900 ng pSBtet-GH_MLL-AF4, 100 ng SB100X and Lipofectamine™ LTX with Plus Reagent (Thermo Fisher Scientific™) were added to each well (4:1 ratio of Lipofectamine:DNA according to manufacturer’s protocol). After 24 h, the medium was replaced by selection medium, consisting of wDMEM supplemented with 500 μg/mL hygromycin B (Thermo Fisher Scientific™). Transfected cells were selected with hygromycin B under standard culture conditions (see cell lines and cell culture) for 3 weeks. Cells were sub cultured twice a week at 80% confluence. The cellular GFP signal was used to monitor the selection progress via fluorescence microscopy.
Transient reporter gene assays
HeLa cells were seeded in 24-well plates at (0.5 mL wDMEM; density of 4 × 104 cells/well) 24 h before transfection. Polyethyleneimine (PEI, Sigma-Aldrich, St. Louis, United States) was used as transfection agent. The DNA-PEI mix was prepared in medium free from serum and antibiotics (DNA:PEI ratio of 4:1). Each transfection mix contained 400 ng reporter plasmid (either pGL3B, pGL3-ALOX5-0.8, pGL3B-ALOX5-0.8-∆5GC, pGL3-TK or pGL3-TK-5GC), 200 ng expression plasmid or the corresponding empty vector (either VC, pT-MLL-AF4, pT-MLL_CHD, pT-N-MLL, pT-MLL-AF4_CXXCmut, pT-MLL-AF4_∆AT, pT-MLL-AF4_∆Men∆AT or pT-Men-CXXC-CHD) and 20 ng Renilla luciferase control plasmid (pRL-SV40). The transfection mix was incubated for 20 min at room temperature (RT) before adding 50 µL to the cells. After 16 h of incubation in a humidified atmosphere with 5% CO2, at 37°C, medium was replaced by fresh wDMEM. After further 24 h of incubation, the medium was removed and the cells were washed once with PBS. Luciferase luminescence was measured using the Dual-Glo® Luciferase assay system (Promega Corporation, Fitchburg, United States) in Lumitrac™ 96 well plates (Greiner AG, Kremsmünster, Österreich) with a TECAN Spark® plate reader (Tecan Group, Männedorf, Switzerland). Relative luminescence units (RLU) were calculated by normalizing Firefly luciferase LU to Renilla luciferase LU.
Reporter gene assays with stably transfected cells
Stably transfected HT-29 or U-2 OS cells expressing MLL-AF4 (U-2 OS_MLL-AF4; HT-29_MLL-AF4) or the corresponding wildtype cells (U-2 OS_wt; HT-29_wt) were seeded in 24-well plates (0.5 mL wDMEM, 1.2 × 104 cells/well for U-2 OS and 1.2 × 105 cells/well for HT-29). After 24 h, cells were transfected with 600 ng reporter plasmid (either pGL3B, pGL3-ALOX5-0.8 or pGL3B-ALOX5-0.8-∆5GC) and 20 ng Renilla luciferase control plasmid (pRL-SV40) using Lipofectamine® LTX&PLUS™ Reagent (Thermo Fisher Scientific™) at a LTX to Plus reagent ratio of 4:1. After 16 h, the medium was removed and replaced with wDMEM containing 1 μg/mL doxycycline. wDMEM without doxycycline served as a control. The cells were incubated for another 24 h, the medium was removed, and the cells were washed once with PBS. Luciferase activities were measured as described above for transient reporter assays.
Analysis of subcellular localization
HeLa cells were seeded in 24-well plates (0.5 mL wDMEM; 1.5 × 104 cells). After 24 h, cells were transfected with 620 ng of one of the following expressions constructs which encode full length MLL-AF4 or deletion mutants thereof (see “Cell lines and cell culture”), each fused with a C-terminal GFP tag (Men-CXXC-CHD-GFP, N-MLL-GFP, MLL_CHD-GFP, MLL-AF4_CXXCmut-GFP or MLL-AF4-GFP). The mentioned pMAX-GFP plasmid expressing GFP was used as a control. PEI reagent was used for transfection with a DNA:PEI ratio of 1:4. After 16 h, the medium was replaced with maintenance medium and cells were incubated for additional 24 h. Subsequently, cells were washed with PBS and were fixated with 4% paraformaldehyde (PFA, Sigma Aldrich) in PBS for 20 min at RT. PFA was removed, cells were washed with PBS and stained with 1 μg/mL 4′,6-diamidino-2-phenylindole (DAPI, Sigma Aldrich) in PBS for 20 min at RT. After a final washing step, cells were stored in PBS at 4°C until image acquisition. Pictures were captured with a Zeiss AX10 microscope attached to a Zeiss Axiocam 305 color imaging system (Carl Zeiss AG, Jena, Germany). An image overlay was generated using the ImageJ software (Schneider et al., 2012).
cDNA synthesis and RT-qPCR
MV4-11 and SEM cells (0.2 × 106 each) were harvested and RNA was isolated with the NucleoSpin RNA/Protein Mini Kit (Macherey-Nagel GmbH and Co. KG, Düren, Germany) following the manufacturer´s protocol. The RNA amount was determined by measuring the absorbance at 260 nm with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific™). cDNA synthesis was performed using the HighCapacity RNA to cDNA kit (Thermo Fisher Scientific™) from 400 ng of RNA. qPCR was performed with 10 ng cDNA equivalents per well in MicroAMP® FastAMP 96-well reaction plates (Thermo Fisher Scientific™) with PowerUP SYBR Green Master Mix (Thermo Fisher Scientific™). mRNA expression levels of the following target genes were analyzed by qPCR on a StepOnePlus™ Real-Time PCR-System (Thermo Fisher Scientific™) using the corresponding primer pairs (from Eurofins, Ebersberg, Germany): ALOX5 (fwd: CTC​AAG​CAA​CAC​CGA​CGT​AAA, rev: CCT​TGT​GGC​ATT​TGG​CAT​CG), UBC (fwd: CTG​GAA​GAT​GGT​CGT​ACC​CTG rev: GGT​CTT​GCC​AGT​GAG​TGT​CT), GAPDH (fwd: GCA​TCC​TGG​GCT​ACA​CTG​A, rev: CCA​CCA​CCC​TGT​TGC​TGT​A), MLL-AF4 (fwd: GGT​CCA​GAG​CAG​AGC​AAA​CAG, rev: TGT​ATT​GCT​GTC​AAA​GGA​GGC​G), MLL-AF9 (fwd: TGG​TTT​GCT​TTC​TCT​GTC​GC, rev: GGA​CCT​TGT​TGC​CTG​GTC​TG. GAPDH served as housekeeping control, which was used to normalize the measured CT values and data are shown as relative induction compared to negative control (2(-∆∆CT)).
Western blot analysis
For the analysis of cellular 5-LO protein expression, cells were seeded in 10 cm petri dishes in 10 mL DMEM supplemented with 1 μg/mL doxycycline at a density of 5 × 106 cells per dish for HT-29_wt, and HT-29_MLL-AF4 and 2.5 × 106 cells for U-2 OS_wt and U-2 OS_MLL-AF4. Parallel cultures without doxycycline served as a control. After 48 h of incubation, cells were harvested, suspended in SDS lysis buffer (77 mM SDS, 1.5 M Glycerol, 56 mM Tris, pH 6.8) and sonicated with an ultrasonic homogenizer at 10% of maximum amplitude (Sonopuls HD 200 with Sonopuls microtip MS72, BANDELIN electronic GmBH and Co. KG, Berlin, Germany). Cell lysates were centrifuged (10 min, 12,000 rcf, 4°C) and the supernatant was transferred to a fresh tube. Protein concentration was determined using the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific™) and a Tecan Infinite M200 plate reader (Tecan Group Ltd.). 30 μg of total cellular protein per sample were separated by SDS-PAGE (10% running gel, 80 V for 15 min and 130 V for 100 min). Purified recombinant 5-LO protein served as a positive control and Precision Plus Protein™ All Blue Prestained Protein Standard (Bio-Rad, Hercules, United States) was used for size estimation. Separated proteins were transferred to 0.2 µm nitrocellulose membranes (Bio-Rad) with a wet tank method using a Mini Trans-Blot® cell (Bio-Rad) (125 mA for 85 min). Membranes were blocked for 1 h using EveryBlot Blocking Buffer (Bio-Rad) at RT before being probed with an anti-5-LO primary antibody (66326-1-Ig Proteintech Group, Inc., Rosemont, United States) and an anti-GAPDH antibody as control (PLA0302, Merck, Darmstadt, Germany). Matching fluorescence-conjugated secondary antibodies donkey-anti-mouse (for 5-LO antibody) donkey-anti-goat (for GAPDH antibody) IRDye, LI-COR Biosciences, Bad Homburg, Germany) were used for detection with the Odyssey Infrared Imaging System (LI-COR Biosciences). For the analysis of cellular 5-LO protein expression in MV4-11 and SEM cells, 7.5 × 106 cells were seeded in 15 mL RPMI (with or without 1 ng/mL TGFβ, 50 nM 1.25(OH)2D3 (VitD3), or the combination of both) in 10 cm dishes. After 72 h incubation cells were harvested, lysed and western blot analysis was performed as already described. The membrane was probed with an anti-5-LO primary antibody (66326-1-Ig Proteintech Group) and an anti-β-actin antibody as control (ab8229, Abcam, Cambridge, UK). Secondary antibodies used were donkey-anti-mouse for the 5-LO antibody and donkey-anti-goat for the β-actin antibody (IRDye, LI-COR Biosciences).
Analysis of 5-LO product formation
Analysis of 5-LO activity was performed with SEM cells or MV4-11 cells after differentiation with 1 ng/mL transforming growth factor-β (TGFβ, PeproTech, Cranbury, United States), 50 nM 1,25(OH)2D3 (Cayman Chemical Company, Ann Arbor, United States) or both agents at 37°C in a humidified atmosphere with 6% CO2 for 72 h in cell culture flasks. To determine the 5-LO activity in intact cells, 3 × 106 MV4−11 and 6 × 106 SEM cells for each treatment group were harvested, and the pellet was resuspended in PBS containing 1 mg/mL glucose. 5-LO activity was stimulated by the addition of 20 µM arachidonic acid (Cayman Chemical Company, Ann Arbor, United States) and 2.5 µM calcium ionophore (A23187, Sigma Aldrich). To measure 5-LO activity in cell homogenates, 3 × 106 MV4−11 and 6 × 106 SEM cells were harvested, and the pellet was resuspended in PBS containing 1 mM EDTA and 1 mM ATP. The cell suspension was sonicated three times for 10 s at 10% of the maximal amplitude (Sonopuls HD 200 with Sonopuls microtip MS72). The reaction was started by the addition of 2 mM Ca2+ and 20 µM arachidonic acid (Cayman Chemical Company). Both, intact cells and homogenates, were incubated for 10 min at 37°C before stopping the reaction by the addition of 1 mL of ice-cold methanol (LC-MS grade, Carl Roth, Karlsruhe, Germany). Extraction of 5-LO products followed by LC-MS analysis was performed as originally described by Werz and Steinhilber, modified by Goebel and Kreiß (Werz and Steinhilber, 1996; Kreiß et al., 2022).
siRNA-mediated gene silencing of MLL-AF4
For siRNA-mediated gene silencing of MLL-AF4 in MV4-11 and SEM cells, 0.2 × 106 cells/well were seeded in 96-well cell culture plates (Greiner AG, Kremsmünster, Austria) in 200 µL Accell™ siRNA Delivery Medium (Horizon Discovery Group plc, Waterbeach, United Kingdom). Accell™ siRNA (Horizon Discovery Group plc) targeting MLL-AF4 was dissolved in siRNA buffer (Horizon Discovery Group plc) and added to the cells according to manufacturer’s protocol (final concentration of 1 µM). The following siRNA sequences were used: sense 5′-CCA​AAA​GAA​AAG​GAA​AUG​AUU-3′, antisense 5′-UCA​UUU​CCU​UUU​CUU​UUG​GUU-3´ (MV4-11) and sense 5′-CAA​AAG​AAA​AGC​AGA​CCU​AUU-3′, antisense 5′-UAG​GUC​UGC​UUU​UCU​UUU​GUU-3′ (SEM). The sequences were designed to target the cell line-specific MLL-AF4 exon-exon junctions of the two cell lines. Accell™ non-targeting control siRNA pool or Accell™ GAPD control siRNA pool cells treated analogously were used as control. MV4-11 and SEM cells were incubated with siRNA containing media for 72 h under standard culture conditions. After 72 h, cells were harvested and resuspended in PBS for further use.
RESULTS
Activation of the ALOX5 promoter by MLL-AF4 is mediated by pSER, AF9-ID, CHD and CXXC domain and a five-fold tandem GC box in the ALOX5 promoter
In previous studies, it was shown by reporter gene analysis that MLL-AF4 is able to prominently induce activity of the ALOX5 core promoter by a factor of up to 47-fold. The reporter construct employed in this analysis contained 0.8 kb of the proximal ALOX5 promoter (plasmid pGL3-ALOX5-0.8) (Ahmad et al., 2014). In order to identify the specific sequences within this promoter region that are responsible for MLL-AF4-mediated activation, we investigated the activity of the 5-fold tandem GC box proximal to the transcriptional start site (formerly referred to as GC0-element (Schnur et al., 2007)), which is known to be crucial for basal ALOX5 promoter activity (Schnur et al., 2007). To this end, we deleted the tandem GC element from the ALOX5 core promoter reporter construct pGL3-ALOX5-0.8, leading to plasmid pGL3-ALOX5-0.8_∆GC. As shown in Figure 1A, coexpression of MLL-AF4 did not lead to a significant induction of the ALOX5 promoter lacking the tandem GC box (∼1.7-fold increase), compared to the ∼5-fold upregulation when the promoter contains the GC element. In order to further investigate the activating function of the GC box, we cloned the GC element in front of the viral thymidine kinase (TK) promoter (plasmid pGL3-TK), leading to plasmid pGL3-TK-5GC. Figure 1B shows that the coexpression of MLL-AF4 as a general transcriptional activator already led to a ∼15-fold increase in reporter activity from the control plasmid pGL3-TK. An even stronger activation of ∼70-fold was observed from the plasmid carrying the tandem GC box. This approximately ∼7-fold increase in activation clearly demonstrates that the tandem repeat is the key element for MLL-AF4-mediated upregulation of ALOX5 promoter activity.
[image: Figure 1]FIGURE 1 | Reporter gene analysis shows GC box-dependency of MLL-AF4 activity. (A) HeLa cells were transfected with one of the reporter vectors pGL3-ALOX5-0.8 or pGL3-ALOX5-0.8_∆GC and with the empty expression vector control (VC) or the expression plasmid for MLL-AF4 (MLL-AF4). (B) HeLa cells were transfected with one of the reporter vectors pGL3-TK or pGL3-TK-5GC and with the empty expression vector control (VC) or the expression plasmid for MLL-AF4. Results are shown as relative luminescence units (RLU) normalized to the Renilla control. The values are presented as mean ± S.E.M. of three independent experiments. An unpaired t-test was used to determine the significance of the influence of the MLL-AF4 expression compared to VC on the according reporter construct. Asterisks indicate significant changes of MLL-AF4 compared to VC transfected cells. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
In a next step, we aimed to identify the regions of the multi-domain MLL-AF4 protein structure (Figure 2) that play a pivotal role in the activation of the 5-LO core promoter. To investigate this, we designed a series of expression constructs which contain either mutations or deletions of individual domains or of multi-domain segments of full-length MLL-AF4. The data indicate that several domains of MLL-AF4 play a crucial role in GC-box-dependent activation of the ALOX5 promoter. Obviously, some domains originating from the AF4 gene locus are indispensable for MLL-AF4 effects, as shown by the strong reduction of reporter activity after deletion of the complete C-terminal part (construct N-MLL) which reduced the activity level to ∼30%. However, neither the single deletion of the CH domain (MLL-AF4_∆CHD) which is known to dimerize with wt-AF4 (Mueller et al., 2007; Benedikt et al., 2011), nor the 5′-flanking domains including the serine rich pSer domain (MLL-AF4_∆pSER) which can interact with the selectivity factor 1 (SL1) protein and the AF9-ID (MLL-AF4_∆AF9-ID) (Okuda et al., 2015; Siemund et al., 2022), result in a loss of activity (Supplementary Figure S1). The deletion of the C-terminus, including CHD and AF9-ID (MLL_ALFpSER) results in a significant reduction of activity to ∼69% (Figure 2). Finally, the additional deletion of the pSER domain (MLL_ALF) reduced the activity even further to ∼37%. Interestingly, the addition of the CH domain to the inactive N-MLL (MLL_CHD) restored full activity. In contrast, the mutation of only one amino acid within the C-terminal CXXC domain (MLL-AF4_CXXCmut) which has been described to bind hemi-methylated CpG rich DNA (Birke et al., 2002), led to a prominent reduction of the reporter signal to ∼28% residual activity compared to full-length MLL-AF4, pointing to a central role of this domain. As shown in Supplementary Figure S2 the constructs with diminished activity (N-MLL and MLL-AF4_CXXCmut) only show a ∼1.4-fold activation compared to the empty expression vector control. Regarding the MLL part of the fusion protein, we investigated the influence of a domain with AT-hooks, which was shown to be a binding motif for the DNA backbone (Aravind and Landsman, 1998), and a larger N-terminal part of MLL encompassing the AT-hooks and the N-terminal Menin binding domain (Yokoyama et al., 2005) which is known to interact with Menin-1 and Lens Epithelium-Derived Growth Factor (LEDGF) (El Ashkar et al., 2017). Both constructs, MLL-AF4_∆AT and MLL-AF4_∆Men∆AT, only led to a minor reduction in activity, which was statistically not significant (Figure 2). Based on these results, we finally attempted to design a construct of minimal size with the ability to activate the ALOX5 promoter. We included regions of the protein that have shown to be necessary for its activity in our analysis, or are considered to be of special importance in the literature, namely, the Menin binding, CXXC and CH domains (construct Men-CXXC-CHD) (Slany, 2020). However, the Men-CXXC-CHD construct did not exhibit any significant activity on the 5-LO promoter, leading to only ∼14% residual activity. Taken together, the reporter gene data show that the CXXC domain is absolutely essential for the MLL-AF4 activity. The CHD, AF9-ID and the pSER domains are involved in mediating MLL-AF4 transcriptional elongation activity as well with redundant functions regarding ALOX5 promoter activation.
[image: Figure 2]FIGURE 2 | Reporter gene assay to determine GC-box-dependent transcriptional activity of MLL-AF4 mutants. HeLa cells were transfected with the full-length construct (MLL-AF4) or with one of the mutants (MLL-AF4_∆CHD, MLL_ALFpSER, MLL_ALF, MLL_CHD, N-MLL, MLL-AF4_CXXCmut, MLL-AF4_∆AT, MLL-AF4_∆Men∆AT, Men-CXXC-CHD) and a reporter plasmid containing the ALOX5 promoter (pGL3-ALOX5-0.8). Additionally, a pRL-SV40 Renilla plasmid was cotransfected to normalize the luminescence. N-MLL: N-terminal fusion part of MLL protein, C-AF4: C-terminal fusion part of AF4, numbers represent amino acid range, Menin-ID: Menin interaction domain (El Ashkar et al., 2017; Slany, 2020), AT-Hooks: DNA binding motif (Aravind and Landsman, 1998), SNL-1, SNL-2: Speckled nuclear localization domain 1 and 2 (Yano et al., 1997), CXXC: binding motif for CpG DNA elements (MT domain) (Birke et al., 2002), ALF: family specific conserved domain (Nilson et al., 1997), pSER: Serine rich domain (Okuda et al., 2015; Siemund et al., 2022), NLS: Nuclear localization signal (Domer et al., 1993), AF9-ID: AF9 interaction domain (Bitoun et al., 2007), CHD: C-terminal homology domain (Benedikt et al., 2011; Slany, 2020). Promoter activity is displayed as % activation compared activation of pGL3-ALOX5-0.8 by full length MLL-AF4. Results (RLU) are presented as mean ± S.E.M. of three independent experiments. An unpaired t-test with Welch´s correction was used to determine the significance of the influence of the MLL-AF4 expression on the reporter construct compared to the mutants. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
Various MLL-AF4 domains determine nuclear localization
In order to validate the correct expression and localization of the inactive constructs from Figure 2 (MLL-AF4_CXXCmut, Men-CXXC-CHD and N-MLL), fluorescence imaging was performed with the respective GFP-tagged constructs (MLL-AF4_CXXCmut-GFP, Men-CXXC-CHD-GFP, N-MLL-GFP). The constructs encoding GFP-tagged proteins with full activity in the reporter assays (MLL-AF4-GFP, MLL-CHD-GFP, Figure 2) served as positive controls. Furthermore, a plasmid expressing only GFP (GFP-Control) was used as a control for the fluorescence pattern obtained by a protein with known cytoplasmic localization such as GFP (Kitamura et al., 2015). The analysis of the microscopic images in Figure 3 revealed that stable proteins are produced from all constructs and that all proteins, with the exception of GFP alone, were localized in the nucleus. We noticed that cells transfected with N-MLL-GFP, MLL_CHD-GFP, MLL-AF4_CXXCmut-GFP and MLL-AF4-GFP exhibit a distinctly punctuated distribution of signals in the nucleus. A similar signal, however not as pronounced, was seen in some areas of the nucleus, most prominently after transfection within constructs MLL-AF4_CXXC-GFP and MLL-AF4-GFP. We can conclude that all constructs are fully expressed and exclusively localized in the nucleus.
[image: Figure 3]FIGURE 3 | Cellular localization of MLL derivatives. Images of HeLa cells transfected with different C-terminally GFP-tagged MLL constructs or GFP protein (as control). HeLa cells were grown for 24 h and then transfected with one of the GFP-tagged constructs (GFP, Men-CXXC-CHD-GFP, N-MLL-GFP, MLL_CHD-GFP, MLL-AF4_CXXCmut-GFP, MLL-AF4-GFP) and incubated for additional 24 h. Cells were fixed with paraformaldehyde and stained with DAPI (TL = transmitted light, GFP, DAPI). Every image represents the result of one of three independent experiments.
Heterologous expression of MLL-AF4 in 5-LO positive solid tumor cell lines HT-29 and U-2 OS does not affect ALOX5 gene expression
The two tumor cell lines HT-29 and U-2 OS, which are derived from a colorectal tumor and an osteosarcoma, have both been shown to prominently express 5-LO (Weisser et al., 2023). This allowed us to use these cells as model systems to analyze the effect of heterologously expressed MLL-AF4 on ALOX5 gene expression on mRNA and protein level. For this purpose, cells were stably transfected with a doxycycline-inducible MLL-AF4 expression construct. To further validate the cell model, we checked for expression of functional MLL-AF4 protein in reporter gene assays. As can be seen from Figure 4A, induction of MLL-AF4 expression with doxycycline treatment resulted in a 60- and 220-fold increase in ALOX5 promoter activity in the MLL-AF4 transfected cells, but not in wild type controls. No activation of reporter activity was observed with the empty vector control. These results confirm the presence of doxycycline-dependent expression of functional MLL-AF4 in these cells. To study the influence of MLL-AF4 on the activity of the genomic ALOX5 locus, both cell lines were treated with doxycycline, or left untreated before ALOX5 mRNA and 5-LO protein expression were analyzed by qPCR and immunoblotting, respectively. As shown in Figure 4B, induction of MLL-AF4 expression by doxycycline treatment does not affect ALOX5 mRNA and 5-LO protein expression in these cell lines.
[image: Figure 4]FIGURE 4 | Effect of MLL-AF4 on 5-LO expression in HT-29 and U-2 OS cells. (A) Reporter gene analysis of HT-29 and U-2 OS wild type cells (wt) and cells stably transfected with MLL-AF4. Cells were transfected with reporter gene constructs containing the 5-LO core promoter (pGL3-ALOX5-0.8) or empty reporter vector as control (pGL3B). The activity was measured 24 h after transfection and incubation with or without doxycycline as emitted luminescence. The values were normalized to Renilla control and displayed as RLU. Results are presented as mean ± S.E.M. of three independent experiments. An unpaired t-test was used to determine the significance of the influence of the MLL-AF4 expressing cells compared to wild type cells. Asterisks indicate significant changes of wt cells compared to MLL-AF4 expressing cells. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (B) Western blot and densitometric analysis of 5-LO expression in wild type (wt) and stably transfected and inducible MLL-AF4 positive HT-29 and U-2 OS cells with or without doxycycline (dox) treatment. Quantitative evaluation of Western blot results presented as relative 5-LO expression normalized to GAPDH and 5-LO expression in wildtype cells. Results are presented as mean ± S.E.M. of three independent experiments.
siRNA-mediated knockdown of MLL-AF4 significantly represses ALOX5 gene expression in the B cell line SEM but not in the monocytic cell line MV4-11
In a next step we wanted to investigate the effect of a MLL-AF4 knockdown in cells with native MLL-AF4 and ALOX5 expression. For this purpose, the leukemic B cell line SEM and the myelomonocytic leukemia cell line MV4-11 were used for a siRNA mediated MLL-AF4 knockdown and the 5-LO mRNA expression was investigated. Knockdown of MLL-AF4 was performed by modified, self-delivering siRNA targeting the genomic t(4,11) breakpoint junctions. In order to ensure the correct design of the siRNAs, we first confirmed the sequences of the breakpoint junctions reported in the literature for these cells (Jansen et al., 2005; Gessner et al., 2010) by qPCR (data not shown). For method validation, we used self-delivering siRNA directed against glyceraldehyde-3-phosphate dehydrogenase (GAPDH) to ensure efficient siRNA uptake in these cells, while a pool of non-targeting siRNA served as a negative control. As depicted in Figure 5, incubation of SEM and MV4-11 cells with siRNA against GAPDH resulted in a residual level of ∼13% (SEM) and ∼45% (MV4-11) of GAPDH expression, confirming successful siRNA delivery. The mRNA expression levels could be significantly reduced by the siRNAs to ∼29% (SEM) and to ∼40% (MV4-11) of non-targeting siRNA controls. However, with respect to the effects of MLL-AF4 knockdown on ALOX5 mRNA expression, the two cell lines were differently affected. In SEM cells, ALOX5 mRNA expression was significantly downregulated to ∼19% of the control, whereas in MV4-11 cells, although also statistically significant, the reduction of the mRNA level was only ∼74% of the control.
[image: Figure 5]FIGURE 5 | RT-qPCR analysis of 5-LO mRNA expression in siRNA-mediated MLL-AF4 knockdown cells (SEM, MV4-11). MV4-11 or SEM cells were incubated with 1 µM Accell® non targeting siRNA (NC) or target siRNA (GAPDH siRNA or MLL-AF4 siRNA). Results are presented as the mean of relative mRNA expression (normalized to UBC (housekeeping gene) and compared to NC treated cells (2−ΔΔCT)) ± S.E.M. of three independent experiments. An unpaired t-test with Welch´s correction was used to determine the significance. Asterisks indicate significant changes of target siRNA treated cells to NC treated cells. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
ALOX5 expression by TGFβ and 1,25(OH)2D3 is induced in MV4-11 cells but not in SEM cells
In conjunction with our finding that knockdown of MLL-AF4 affects ALOX5 mRNA expression in MV4-11 and SEM cells differently (Figure 5), we analyzed whether the two cell lines display differential responsiveness of ALOX5 gene expression and protein activity to TGFβ and 1,25(OH)2D3 that has been reported for B-cells and cells with monocytic properties (Jakobsson et al., 1992; Kreiß et al., 2022). We found that differentiation with TGFβ and 1,25(OH)2D3 induced marked morphological changes and reduced cell proliferation in MV4-11 cells, whereas SEM cells did not react to the treatment. Western blot analysis revealed a strong upregulation of 5-LO protein expression in MV4-11 cells after differentiation with TGFβ and 1,25(OH)2D3, but very low 5-LO protein expression was detected in SEM cells (Figure 6B; Supplementary Figure S3). Analysis of 5-LO activity was conducted in intact cells and cell homogenates (Figure 6A). In intact MV4-11 cells, differentiation with TGFβ and 1,25(OH)2D3 led to an upregulation of 5-LO product formation by 6-fold as compared to undifferentiated cells, whereas no 5-LO activity could be detected in differentiated and undifferentiated SEM cells. In SEM cell homogenates, we could not detect any 5-LO product formation. In contrast, 5-LO product formation in MV4-11 cell homogenates was increased ∼213-fold by treatment with TGFβ and 1,25(OH)2D3 relative to undifferentiated cells. Since the combination of TGFβ and 1,25(OH)2D3 can act synergistically on myeloid cells, whereas TGFβ and 1,25(OH)2D3 alone produce less pronounced effects, we finally tested the influence of the individual treatments. We found that differentiation with TGFβ or 1,25(OH)2D3 alone led to an increase in 5-LO activity by ∼21-fold and ∼6-fold in MV4-11 cell homogenates, respectively.
[image: Figure 6]FIGURE 6 | Incubation of MV4-11 cells with differentiation reagents. (A) Illustration of the workflow of 5-LO activity assay. (B) Western blot analysis of 5-LO expression in MV4-11 cells. Cells were incubated without (w/o) or with TGFβ, 1,25(OH)2D3 (VitD3), or the combination of both. Each blot represents the results of three independent experiments. (C) 5-LO product formation in MV4-11 cells after treatment with TGFβ or 1,25(OH)2D3 (VitD3), the combination of both or untreated cells (w/o). After 72 h 5-LO product formation was determined. Results are presented as mean ± S.E.M. of three independent experiments. Dunnet´s multiple comparison test was used to determine the significance of the influence of treated cells compared to untreated cells. Asterisks indicate significancy. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.
MLL-AF9 also activates the ALOX5 promoter
Our finding that the chromosomal translocation product MLL-AF4 activates the ALOX5 promoter prompted us to investigate if related MLL rearrangement proteins act in a similar fashion. To test this hypothesis, we investigated the fusion protein MLL-AF9 (Figure 7A) that is present in the monocytic cell lines MonoMac-6 and THP-1, which are frequently used model cell lines for studies on ALOX5 expression and activity (Super et al., 1997; Pession et al., 2003). Thus, we amplified the MLL-AF9 coding sequence from MonoMac-6 cDNA and created the expression plasmid pT-MLL-AF9 which was employed in transient reporter gene assays. Interestingly, while MLL-AF4 increased 5-LO promoter activity by ∼4.7-fold compared to VC, MLL-AF9 even led to an increase of ∼7.2-fold (Figure 7B). Finally, we checked for a possible link between our findings that the fusion protein MLL-AF9 activates the ALOX5 promoter and the long-known observation that ALOX5 expression is strongly upregulated by TGFβ and 1.25(OH)2D3 in MonoMac-6 and THP-1 cells (Kreiß et al., 2022). However, no significant differences could be found, as shown in Figure 7C, suggesting that the strong induction of ALOX5 expression by TGFβ and 1,25(OH)2D3 is not due to the induction of MLL rearrangement products.
[image: Figure 7]FIGURE 7 | Comparison of MLL-AF4 and MLL-AF9. (A) MLL-AF4 and MLL-AF9 protein size in amino acids (AA). (B) Transcriptional activation of the ALOX5 promoter by MLL-AF4 and MLL-AF9. HeLa cells were transfected with the expression plasmid for MLL-AF4 or MLL-AF9 and with a reporter plasmid containing the ALOX5 promoter (pGL3-ALOX5-0.8). Promoter activity is displayed as % activation compared to activation of pGL3-ALOX5-0.8 by full length MLL-AF4, the Renilla signal was used for normalization. Results are presented as mean ± S.E.M. of three independent experiments. Welch´s t-test was used to determine the significance of the influence of the MLL-AF9 and VC compared to MLL-AF4 activation of pGL3-ALOX5-0.8. Asterisks indicate significant changes vs. control vector cells. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001. (C) qPCR analysis of MLL-AF9 mRNA expression after differentiation of MonoMac-6 cells with TGFβ and 1,25(OH)2D3 for 72 h or without treatment (w/o). Results are presented as relative MLL-AF9 mRNA expression (normalized to the housekeeping gene UBC and compared to NC treated cells (2−ΔΔCT)).
DISCUSSION
Previous studies have shown that the fusion protein MLL-AF4 is able to induce the ALOX5 promoter in reporter gene assays (Ahmad et al., 2014). This observation suggested a potential link between the strong leukemogenic driver protein MLL-AF4 and 5-lipoxygenase. Apart from its prominent role in inflammation (Rådmark et al., 2007; Brand et al., 2018; Kreiß et al., 2022), 5-lipoxygenase has also been associated with tumorigenesis (Kennedy and Harris, 2023; Kahnt et al., 2024) as well as with survival advantages and the aggressiveness of tumor cells (Runarsson et al., 2005; Guriec et al., 2014). As discussed, subsequently, we provide evidence on the mechanism and the cell specificity of MLL-AF4-mediated ALOX5 gene regulation.
The tandem GC-box of the ALOX5 promoter and the CXXC domain of MLL-AF4 are crucial for MLL-AF4-mediated ALOX5 promoter activation
The proximal ALOX5 promoter contains a five-fold tandem consensus SP1 binding motif, which is considered the core element of the promoter responsible for basal activity (Hoshiko et al., 1990). Concomitantly, it is known that the CXXC domain of MLL-AF4 binds to hemi-methylated CpG-rich elements (Birke et al., 2002), pointing to an interaction between MLL-AF4 and the ALOX5 promoter via GC boxes. In line with this, we could show by reporter analysis that the five-fold tandem GC-box into the viral thymidine kinase promoter renders this promoter inducible by MLL-AF4. Second, we found that deletion of the GC-box from the ALOX5 promoter sequence significantly decreases its responsiveness to MLL-AF4. Conversely, we show through targeted mutation of the CXXC domain that MLL-AF4 activation of the ALOX5 promoter depends on this element, as CXXC mutation dramatically reduces the induction of reporter gene activity by the CXXC mutant. This suggests a crucial role of the GC-boxes and the CXXC domain. It is noteworthy that the tandem GC-box which serves as the primary binding motif for MLL-AF4 is subject to naturally occurring polymorphisms. In a study, 6% of asthma patients exhibited mutations within this GC-box arrangement, leading to an unresponsiveness to treatment with 5-LO targeting medications like zileuton. Thus, it would be interesting, whether alterations in the GC box of ALOX5 is of relevance in the context of leukemias carrying MLL-containing fusion proteins such as MLL-AF4 (Drazen et al., 1999).
pSER, AF9-ID and CH domains of MLL-AF4 redundantly mediate ALOX5 promoter activation
MLL-AF4, as a prominent leukemogenic product of MLL-r (MLL gene rearrangements), contains a multitude of protein domains whose functions are not yet fully understood (Lavau et al., 1997). We found that in addition to the CXXC domain, distinct domains of the AF4-part of MLL-AF4 are essential for the ALOX5 promoter activation (see below) but that the deletion of the Menin binding domain and thus the interaction with LEDGF is of minor importance and that the DNA binding AT-hooks do not play a significant role in ALOX5 promoter activation (Figure 2) (Yokoyama et al., 2005; El Ashkar et al., 2017). In contrast, complete deletion of the AF4 fragment (construct N-MLL) strongly diminished the transactivation potency of the mutants to levels comparable with the CXXC mutant, which shows that at least one of the redundantly acting AF4 segments is necessary for the activity of the fusion protein. The deletion analysis of the AF4 part suggests that the pSer, AF9-ID and CH domains have redundant functions in 5-LO promoter activation (Figure 2). In addition, a deletion of both CHD and AF9-ID (construct MLL_ALFpSER) results in a moderately active fusion protein that is only ∼69% active compared to the full-length construct. This suggests that either the interaction with ENL or AF9 via AF9-ID or the interaction with the AF4 wild-type complex via CHD may be sufficient to recruit the P-TEFb/SEC (super elongation complex) and initiate transcriptional elongation of promoter-proximal arrested RNA polymerase (POL A) via conversion into elongating RNA polymerase (POL E) (Mueller et al., 2009; Luo et al., 2012; Slany, 2020). This would explain why there is no simultaneous requirement for both domains to interact with their protein partners, provided that there is at least one interaction of the MLL-AF4 fusion protein with P-TEFb/SEC (Lin et al., 2010; He et al., 2011; Luo et al., 2012; Fujinaga et al., 2023). The remaining activity of MLL_ALFpSER could be explained by the fact, that the pSER domain can still fulfil a transactivation function via recruitment of the selective factor 1 complex (Okuda et al., 2015; Siemund et al., 2022). Our findings are summarized in Figure 8. Finally, to find a minimal functional MLL-AF4 mutant, we designed a construct (Men-CXXC-CHD), containing the putative essential domains based on our reporter gene assays. Surprisingly, the construct remained inactive for an as yet unknown reason.
[image: Figure 8]FIGURE 8 | Illustration of the interaction of MLL-AF4 with the tandem GC-box within the ALOX5 promoter and the recruitment of interaction partners, resulting in increased gene expression.
Nuclear localization of mutated MLL-AF4 constructs
For the inactive MLL-AF4 mutants (N-MLL, MLL-AF4_CXXCmut, Men-CXXC-CHD) we found that all constructs are expressed and located in the nucleus so that the lack of activity is not due to a failure of protein expression and a lacking import into the nucleus, rather to a loss of function (Figure 3). The observation that MLL-AF4-GFP and MLL-AF4_CXXCmut-GFP exhibit a highly punctuated distribution within the nucleus is in agreement with findings of previously published studies on the N-MLL protein, where it was suggested that this punctuated pattern is likely to be associated with wt-MLL binding DNA (Yano et al., 1997) and a formation of transcriptional, highly active micro compartments (Rasouli et al., 2024). However, even the construct with a mutated CXXC domain (MLL-AF4_CXXCmut-GFP), exhibits this speckled nuclear distribution, although the mutated CXXC domain should no longer be able to bind to DNA. This could indicate that the DNA binding is transmitted through an additional protein region (e.g., AT-hooks) which is not able to substitute for the CXXC domain binding towards GC boxes but can mediate interaction with DNA (Reeves and Nissen, 1990; Aravind and Landsman, 1998). Furthermore, it is worth mentioning that even the smallest construct (Men-CXXC-CHD) is located in the nucleus, even though it does not contain nuclear localization sequences. This could be a hint for a shuttling mechanism which could be transmitted through the CH domain, working as an interaction platform for ENL and with this for AF9. It is known that both proteins, ENL and AF9, are located in the nucleus and could shuttle Men-CXXC-CHD to the same destination (Rubnitz et al., 1994; Erfurth et al., 2004; Kabra and Bushweller, 2022).
Regulation of ALOX5 gene in solid tumor cells is not affected by MLL-AF4 co-expression
The knock-in and the expression of the MLL-AF4 fusion gene into the colorectal cancer cell line HT-29 and the osteosarcoma cell line U-2 OS did not result in a significant change in the expression of the 5-LO (Figure 4B). Despite demonstrating that MLL-AF4 is expressed and active following the induction with doxycycline and the followed induction of the ALOX5 reporter system, we did not see any change in 5-LO protein levels, when the cells express MLL-AF4 (Figure 4A). This indicates that the native ALOX5 promoter is regulated differently in these solid tumor cell lines, compared to the transiently transfected pGL3-ALOX5-0.8 reporter construct.
Differential regulation of ALOX5 expression by MLL-AF4 as well as TGFβ and 1,25(OH)₂D₃ in SEM and MV4-11 cells
So far, the mechanisms involved in 5-LO pathway activation in lymphoid and myeloid leukemia is very limited. It was reported that a loss of the ALOX5 gene prevents the outbreak of leukemia in a mouse model (Chen et al., 2009). Even though this study needs independent reproduction it is clear evidence, that 5-LO could play a major role in the development and progression of malignant blood diseases. To get a better insight into the mechanisms behind the ALOX5 activation, we used SEM and MV4-11 cells which both carry the chromosomal translocation t(4;11)(q21;q23), resulting in the expression of two reciprocal fusion proteins, MLL-AF4 and AF4-MLL, and performed MLL-AF4 knockdown experiments. It is known that malignant B-cells can over express 5-LO, but so far this regulation does not lead to increased 5-LO metabolite formation suggesting that 5-LO might have non-canonical functions in these cell lines (Jakobsson et al., 1992; Kahnt et al., 2024). However, 5-LO mRNA and protein expression in SEM cells is not upregulated (Karlsson et al., 2021; Proteinatlas, 2024). Interestingly, ALOX5 gene expression in SEM cells is significantly downregulated by the MLL-AF4 knockdown (Figure 5 SEM). However, we were not able to detect MLL-AF4 or 5-LO via Western blotting due to low expression levels. Interestingly, another study in 1995 encompassing eight samples of B-ALL patients, showed that only four of the tested cells expressed 5-LO (Feltenmark et al., 1995). In contrast to SEM cells, the knockdown of MLL-AF4 only slightly affected ALOX5 mRNA expression in MV4-11 cells in our study (Figure 5, MV4-11), indicating that the ALOX5 regulation is different in both cell lines. This is supported by the observation that 5-LO expression and activity is strongly induced by TGFβ and 1,25(OH)₂D₃ in MV4-11 cells but not in SEM cells (Figure 6). The elevated formation of 5-LO pathway metabolites is an interesting finding, as it was already published that the expression and the formation of 5-LO products can contribute to an inflammatory environment that promotes malignant progression and chemotherapeutic resistance in myeloid leukemia (Runarsson et al., 2007; Vincent et al., 2008; Stranahan et al., 2022). We could previously show that induction of 5-LO gene expression in myeloid cells by TGFβ and 1,25(OH)₂D₃ is mainly due to transcript elongation (Sorg et al., 2006; Rådmark et al., 2007; Stoffers et al., 2010; Ahmad et al., 2015). Our data on the MLL-AF4 fusion protein and its dependence on the tandem GC box in the ALOX5 promoter as well as the CXXC domain suggests that its activity is related to transcriptional initiation. Interestingly, previous studies showed that the reciprocal fusion protein of MLL-AF4, AF4-MLL (N-terminal AF4 fused with C-terminal MLL) mediates the responsiveness of the ALOX5 gene to induction by TGFβ and 1,25(OH)₂D₃ which is associated with regulatory elements in the distal parts of the ALOX5 gene and related to transcriptional elongation (Ahmad et al., 2015). Thus, the ALOX5 gene in SEM cells appears to be more promoter driven by MLL-AF4 whereas in MV4-11 cells induction of transcriptional elongation by TGFβ and 1,25(OH)₂D₃ mainly drives ALOX5 expression. Whereas 5-LO expression and activity is high in differentiated myeloid cells and in the majority of B cell lines, the low 5-LO expression in SEM cells and the lack of cellular activity could point to a role of 5-LO as transcriptional regulator and regulator of cell proliferation in this cell line (Jakobsson et al., 1995; Mahshid et al., 2009; Kreiß et al., 2022; Claesson et al., 2024).
MLL-AF9 and MLL-AF4 similarly activate the ALOX5 promoter
MLL-AF9 is the translocation product of the KMT2A gene and the MLLT3 Super Elongation Complex Subunit gene (MLLT3). This fusion occurs much more prominent in acute myeloid leukemias (Meyer et al., 2013). The resulting fusion protein MLL-AF9 contains the same N-terminal MLL domains as MLL-AF4 but has a different C-terminus. The finding that MLL-AF9 induces the ALOX5 even stronger compared to MLL-AF4 is of high interest taking the fact that the C-terminal AF9 portion in MLL-AF9 is much smaller than C-terminal AF4 in MLL-AF4 which provides a much smaller interaction surface for other proteins of the P-TEFb/SEC (Figure 7A). It is known that MLL-AF9 interacts with members of the super elongation complex such as wt-AF4 and PAF1 via its C-terminal ANC1 homology and YEATS domain (AHD) (Pession et al., 2003; He et al., 2011). Thus, a common mechanism of MLL-AF4 and MLL-AF9 could be the recruitment of the AF4 super elongation complex (SEC) via the AF9-ID or CHD portion of the protein (Steinhilber and Marschalek, 2018). This finding is in line with our observation that only one C-terminal interactive domain in MLL-AF4 is needed to recruit the P-TEFb/SEC elongation complex, pointing towards a similarity between the activation mechanism of MLL-AF4 and MLL-AF9. AML cells, such as MonoMac-6 and THP-1, carrying the MLL-AF9 translocation, show strong ALOX5 induction by TGFβ and 1,25(OH)2D3 (Brungs et al., 1995; Kreiß et al., 2022), similar to our findings with MV4-11 cells (Figure 6C). However, we did not observe significant changes in MLL-AF9 expression suggesting that the effects of TGFβ and 1,25(OH)2D are not due to induction of MLL-AF9 but are related to different, yet unknown mechanisms. Of note, it will be interesting to study ALOX5 expression in freshly isolated AML cells carrying MLL translocations.
Taken together, we could show that MLL-AF4 and MLL-AF9 strongly activate the ALOX5 promoter in B-lymphocytic cells and that the MLL-AF4 effects are mediated by the tandem GC box in the ALOX5 promoter. Furthermore, we could identify several AF4 domains known to bind the super elongation complex that are essential for the induction of ALOX5 promoter activity.
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Background and aim: Blood vessels supply oxygen, nutrients and provide gateways for immune surveillance. Since this network nourishes all tissues, vessel abnormalities contribute to many diseases, such as cancer. One of the potential targets for Docosahexaenoic Acid (DHA) in cancer is suppressing angiogenesis, a process of new blood vessel formation within tumors. In addition, aspirin (ASA) has antineoplastic effects that may be mediated, at least in part, by metabolites derived from acetylated COX-2. We aimed at determining the effect of DHA as well as its metabolites in angiogenesis, using in vitro as well as in vivo models.Methods: Endothelial cell (EC) proliferation, motility and capillary-like tube formation were determined by MTT, wound healing, Boyden and Matrigel assays, respectively. In vivo angiogenesis was measured by the Matrigel sponge model in mice. The biosynthesis of proresolving lipid mediators by ECs was determined by LC-MS-MS.Results and conclusion: DHA, but not arachidonic acid (AA), at concentrations consistent with those reached in blood after fish oil supplementation, decreased EC migration in a time- and concentration-dependent manner. Pretreatment with ASA modulated cell migration already after 24 h, while both DHA and ASA decreased migration at longer incubation times without affecting viability. 17-hydroxy-DHA was detected upon incubation with DHA, and increased amounts were observed upon combined treatment with DHA and ASA, an increase that was associated to a synergic effect on EC migration. 17(R)-hydroxy-DHA (17R-HDHA), the metabolite resulting from acetylated COX-2 activity of DHA, reduced EC migration in a concentration-dependent manner. DHA in the presence of ASA, as well as 17R-HDHA, also reduced EC tube formation. These results were confirmed in vivo where both 17R-HDHA or its downstream metabolite 17RResolvinD1 were able to decrease microvessels density in a Matrigel sponge model. Overall, we demonstrated that DHA in the presence of ASA-dependent acetylation of COX-2 showed increased antiangiogenic effects, possibly resulting from its conversion to its hydroxylated derivatives.Keywords: angiogenesis, docosahexaenoic acid (DHA), aspirin (ASA), 17(R)-hydroxy-docosahexaenoic acid (17(R)-HDHA), human umbilical vein endothelial cells (HUVEC)
1 INTRODUCTION
Angiogenesis is a tightly regulated process occurring through dynamic functions of endothelial cells including migration, proliferation and formation of capillary-like structures. The angiogenic process is a necessary step in tumour growth and metastasis (Folkman, 1995), but is also a key feature of many pathological conditions such as chronic inflammatory disease, supporting the occurrence of a link between cancer and unresolved inflammation (Fishbein et al., 2020; Fishbein et al., 2021).
Angiogenesis is affected by several pro-angiogenic growth factors and cytokines, but a growing body of evidence is suggesting a potential role for fatty acids (He et al., 2023). Ω-6 and ω-3 polyunsaturated fatty acids (PUFAs) can affect angiogenesis through multiple and opposite mechanisms including their oxidation and the formation of PUFA-derived metabolites (Frömel et al., 2022; Kang and Liu, 2013; Quinlivan et al., 2024). PUFAs are substrates for enzymes such as cyclooxygenases (COXs), lipoxygenases (LOXs) and cytochrome P450 (CYP450s) that generate potent bioactive lipid mediators (Calder, 2020; Serhan et al., 2020). In particular, several COX-2- and/or COX-1-derived arachidonic acid (AA, 20:4 ω-6) metabolites promote angiogenesis (Salvado et al., 2012), whereas ω-3 PUFAs such as docosahexaenoic acid (DHA, 22:6 ω-3) have anti-angiogenic and anti-tumor properties (Kelly et al., 2024; Rose and Connolly, 1999), by serving as alternative substrates to generate ω-3 lipid mediators endowed with anti-inflammatory and pro-resolution activities (Gilligan et al., 2019; Quinlivan et al., 2024) and suppressing the formation of several pro-angiogenic factors (Spencer et al., 2009). Of note, DHA metabolites generated by LOXs mainly expressed in inflammatory cells have been shown to have a beneficial role in pathological retinal angiogenesis (Connor et al., 2007; Maisto et al., 2020) as well as in cancer-associated angiogenesis (Prevete et al., 2017; Sulciner et al., 2018a; Sulciner et al., 2018b).
Epidemiological studies showed that aspirin has the unique ability to reduce the risk of several cancers (Elwood et al., 2024; Skriver et al., 2024) but the mechanisms underlying this effect are only partially understood (Patrignani and Patrono, 2018). The pharmacological activity of aspirin (ASA) is linked to the irreversible acetylation of COXs, but whereas COX-1 acetylation results in the loss of enzymatic activity, ASA-acetylated COX-2 is unable to generate prostanoids but remains active as a 15(R)-lipoxygenase (Lecomte et al., 1994; Mancini et al., 1994), and has been shown to contribute to the biosynthesis of anti-inflammatory and pro-resolving lipid mediators known as aspirin triggered (AT)-lipoxins (Clària and Serhan, 1995). In addition to metabolizing AA, 15-lipoxygenases enzymatic activities can easily convert DHA into 17-hydroxy-DHA (Dobson et al., 2013), and treatment with ASA and DHA resulted in the novel formation of 17-hydroxy-DHA in vivo in mice (Serhan et al., 2002). 17(R) hydroxy-DHA (17R-HDHA) generated by ASA-acetylated COX-2 from DHA, can be further oxygenated by 5-LOX in inflammatory cells through transcellular metabolism, resulting in the formation of 17(R)-resolvin D1 (17R-RvD1), also referred to as Aspirin Triggered-resolvin D1 (Serhan et al., 2002). Aspirin-Triggered lipid metabolites belong to the superfamily of specialized pro-resolving lipid mediators (SPMs) (Serhan et al., 2020), and a growing body of evidence suggests that SPMs supplementation may be beneficial in several diseases, including cancer, by promoting resolution over time of disease-associated inflammation (Serhan and Levy, 2018). Gilligan et al. recently showed that the production of AT-SPMs (17R-RvD1 and AT-LXA4) may contribute to the antitumor activity of aspirin by promoting macrophage phagocytosis of tumor cell debris and functionally antagonizing macrophage secretion of proinflammatory cytokines (Gilligan et al., 2019). Given that inflammation and angiogenesis are strictly related processes (Mantovani et al., 2008; Trenti et al., 2018), AT-metabolites may affect angiogenesis, thus contributing to explain their pro-resolving potential in pathological conditions characterized by sustained low-grade phlogosis, such as cancer. The direct in vitro antiangiogenic effect of stable AA-derived AT-SPMs such as 15(R)-lipoxin A4 has been well characterized (Cezar-De-Mello et al., 2006; Cezar-De-Mello et al., 2008), but whether DHA metabolites from ASA-acetylated COX-2, and in particular 17R-HDHA, may affect angiogenesis is still substantially unexplored, with evidence available focusing on 17R-RvD1 (Maisto et al., 2020).
Based on this background, we tested (a) the antiangiogenic activity of PUFAs (AA or DHA) or aspirin alone or in combination, and (b) the effect of specific Aspirin Triggered-metabolites in in vitro and in vivo models of angiogenesis.
2 RESULTS
2.1 Effects of DHA and AA on HUVEC viability and migration
We first evaluated the effects of DHA on human umbilical vein endothelial cells (HUVECs) viability and migration at concentrations consistent with those reached in blood after fish oil supplementation (Yurko-Mauro et al., 2015). HUVEC viability was not significantly affected by treatment with 1–30 µM DHA for up to 72 h (Figures 1A–C), while 50 µM DHA, significantly decreased cell viability upon incubation for 48 h or 72 h (Figures 1B, C). Similarly, treatment of HUVECs with 1–50 µM AA for 48 h did not significantly affect cell viability (Figure 1D).
[image: Figure 1]FIGURE 1 | Effects of DHA (ω-3) and AA (ω-6) on HUVEC viability after 24–72 h. HUVECs were grown in 96-well plates and incubated in complete culture medium with DHA (1–50 µM) for (A) 24, (B) 48, (C) 72 h or (D) with AA (10–50 µM) for 48 h. Cell viability was assessed by MTT assay and expressed as % of control (untreated cells, CTRL). Bars show the mean ± SEM of 3 (A) or 4 (B–D) independent experiments performed in quadruplicate. One-way analysis of variance followed by Dunnett’s post hoc test: *p < 0.05, **p < 0.01 vs. control.
Then, in order to evaluate the effect of DHA on collective HUVEC migration, we used a wound healing assay. As shown in Figure 2, treatment with DHA time- and dose-dependently decreased HUVEC collective migration when compared to untreated control cells, with significant effects already observed at the concentration of 1 µM DHA after 72 h pre-treatment (Figure 2C).
[image: Figure 2]FIGURE 2 | Effect of DHA on HUVEC migration after 24–72 h. HUVECs were grown in 24 well plates and the assay was performed in confluent cells. Cells were pre-treated with DHA (1–30 µM) for: (A) 24, (B) 48 or (C) 72 h. Thereafter, monolayers were wounded (t0), washed and treated as above for 16 h (t16). For each experimental condition 3 images were taken at t0 and t16; wound closure was calculated as described in Methods. Data are reported as % of control (untreated cells, CTRL). Bars show the mean ± SEM of 3 independent experiments. One-way analysis of variance followed by Dunnett’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control.
2.2 DHA in the presence of ASA decreased endothelial cell migration without affecting viability
In the presence of 50 μM ASA, 10 µM DHA significantly inhibited HUVEC migration already after 24 h (Figures 3A, B), without affecting viability (data not shown), while neither DHA nor ASA alone resulted effective. No modifications of HUVEC migration were observed in cells treated with 10 µM AA in the presence of ASA for 24 h (Figures 3C, D). Both DHA and ASA caused a decrease in cell migration at longer incubation times of 48 and 72h, but the effect of their combination at both 48 h (Figures 4A, B) or 72 h (Figures 4C, D), exceeded the simple sum of the two separate activities.
[image: Figure 3]FIGURE 3 | Effect of DHA ± ASA and AA ± ASA on HUVEC migration after 24h. HUVECs were grown in 24 well plates and the assay was performed in confluent cells. Cells were pre-treated with DHA (10 µM) (A, B) or with AA (10 µM) (C, D) in the presence or absence of ASA (50 µM) for 24 h. Thereafter, monolayers were wounded (t0), washed and treated as above for 16 h (t16). For each experimental condition 3 images were taken at t0 and t16; wound closure was calculated as described in Methods. (A, C) Representative images of a wound healing experiment in hematoxylin-eosin stained cells (scale bar: 500 µm). (B, D) Quantitative analysis of wound healing experiments. Data are reported as % of control (untreated cells, CTRL). Bars show the mean ± SEM of 3 (D) or 4 (B) independent experiments. One-way analysis of variance followed by Dunnet’s post hoc test. **p < 0.01 vs. control.
[image: Figure 4]FIGURE 4 | Effect of DHA ± ASA on HUVEC migration or viability after 48–72 h. HUVECs were grown in 24 well plates and the assay was performed in confluent cells. Cells were pre-treated with DHA (10 µM) in the presence or absence of ASA (50 µM) for 48 h (A, B) or 72 h (C, D). Thereafter, monolayers were wounded (t0), washed and treated as above for 16 h (t16). For each experimental condition 3 images were taken at t0 and t16; wound closure was calculated as described in Methods. (A, C) representative images of a wound healing experiment in hematoxylin eosin stained cells (scale bar: 500 µm). (B, D) quantitative analysis of wound healing experiments. Data are reported as % of control (untreated cells, CTRL). Bars show the mean ± SEM of 3 independent experiments. One-way analysis of variance followed by Dunnet’s post hoc test. *p < 0.05, ***p < 0.001 vs. control. (E) HUVECs were grown in 96-well plates in complete medium and treated with ASA (10–100 µM) or DHA (10 µM) + ASA (10–100 µM) for 72 h. Cell viability was assessed by MTT assay and expressed as % of control (untreated cells, CTRL). Bars show the mean ± SEM of 3 independent experiments performed in quadruplicate. One-way analysis of variance followed by Dunnet’s post hoc test, n. s.
Viability of treated cells was not different with respect to control cells at any time or concentration tested (Figure 4E).
2.3 17-HDHA production by endothelial cells is enhanced by incubation with ASA
We analyzed the supernatants of cells pre-treated with DHA (10 µM), ASA (50 µM) or DHA (10 µM) + ASA (50 µM) for 24 h by liquid chromatography-tandem mass spectrometry (LC/MS/MS), showing that HUVECs biosynthesize nanomolar concentrations of 17-HDHA upon incubation with exogenous DHA, and that the production is further increased in cells treated with ASA (Figure 5).
[image: Figure 5]FIGURE 5 | Synthesis of 17-HDHA in HUVEC treated with DHA, ASA or DHA + ASA. Representative chromatograms of the ion current for the specific transition of 17-HDHA (m/z 343 > 281) in supernatants from HUVECs treated with DHA (10 µM), ASA (50 µM) or DHA + ASA for 24 h as described in Methods (left panels). Quantitation was performed with [d8]15-HETE as internal standard (m/z 327 > 226, right panels) and standard curves of synthetic 17R-HDHA.
2.4 The aspirin-triggered DHA metabolite 17(R)-HDHA decreased the HUVEC proangiogenic potential
17(R)-HDHA (0.1–3 µM), showed a significant, time-dependent effect on HUVEC migration after 24–48 h (Figures 6A–C), without effects on HUVEC viability (Figure 6D).
[image: Figure 6]FIGURE 6 | Effect of 17R-HDHA on HUVEC migration and viability after 24 or 48 h. HUVECs were grown in 24 well plates and the assay was performed in confluent cells. Cells were pre-treated with 17R-HDHA (0.1–3 µM) for 24 h (B) or 48 h (A, C). Thereafter, monolayers were wounded (t0), washed and treated as above for 16 h (t16). For each experimental condition 3 images were taken at t0 and t16; wound closure was calculated as described in Methods. (A) Representative images of a wound healing experiment in hematoxylin eosin-stained cells after 48 h (scale bar: 500 µm). (B, C) Quantitative analysis of wound healing experiments at 24 (B) or 48 h (C). Data are reported as % of control (untreated cells, CTRL). Bars show the mean ± SEM of 4 independent experiments. One-way analysis of variance followed by Dunnett’s post hoc test. *p < 0.05, **p < 0.01, ***p < 0.001 vs. control. (D) HUVECs were grown in 96-well plates in complete medium and treated with 17R-HDHA (0.1–3 µM) for 48 h. Cell viability was assessed by MTT assay and expressed as % of control (untreated cells, CTRL). Bars show the mean ± SEM of 3 independent experiments performed in quadruplicate. One-way analysis of variance followed by Dunnett’s post hoc test, n. s.
Furthermore, using a microchemotaxis chamber, we assessed the effect of 17(R)-HDHA on HUVEC chemotaxis, an essential step in tumor angiogenesis (Trenti et al., 2018), showing that already after 6h, 17(R)-HDHA reduced FBS-induced EC migration in a concentration-dependent manner (0.3–3 µM) (Figures 7A, B), while DHA alone resulted ineffective (data not shown).
[image: Figure 7]FIGURE 7 | Effect of 17R-HDHA on HUVEC chemotaxis. HUVEC migration toward 15% FBS (control, CTRL) was measured in a microchemotaxis chamber in the presence or absence of increasing concentrations of 17R-HDHA (0.3–3 µM). Upper panels: representative images of migrated cells on the bottom of a filter membrane stained with Diff-Quick solution as detailed in Methods (scale bar: 100 µm). Lower panel: quantitative analysis of cell migration expressed as % of control. Bars show the mean ± SEM of 3 independent experiments performed in sextuplicate. One-way analysis of variance followed by Dunnett’s post hoc test. **p < 0.01, **p < 0.001 vs. control.
Finally, we studied the effect of 17(R)-HDHA on tubularization, the process of organization of endothelial cells in capillary tube-like structures when cultured onto extracellular matrix proteins.
In HUVECs treated with either DHA + ASA or 17(R)-HDHA for 6 h a decreased formation of specific parameters of HUVEC tubularization was observed. DHA (10 µM) in the presence of ASA (50 µM) as well as 17(R)-HDHA (0.3–3 µM) decreased nodes, meshes and mesh area. The number of junctions and the total tubule length also showed a tendency to decrease even if the difference did not reach statistical significance with respect to control cells (Figures 8A, B).
[image: Figure 8]FIGURE 8 | Effect of DHA in the presence of ASA or 17R-HDHA on HUVEC capillary tube formation. HUVECs were seeded onto Matrigel-coated 48-well plates in complete culture medium and treated with DHA (10 µM) +ASA (50 µM) or 17R-HDHA (0.3–3 µM) for 6 h. Complete medium with 15%FBS was taken as control (CTRL). (A) Representative images (scale bar: 200 µm). (B) Quantitative analysis of specific parameters of capillary tube as determined using Angiogenesis Analyzer (ImageJ). Bars show the mean ± SEM of 3 independent experiments expressed as % of cotrol. One-way analysis of variance followed by Dunnet’s post hoc test. *p < 0.05, **p < 0.01 vs. control.
2.5 Aspirin-triggered DHA metabolites inhibited in vivo angiogenesis
To confirm in vitro data, we tested the effect of 17R-HDHA (3 µM) and its downstream metabolite 17R-RvD1 (50 nM) on in vivo angiogenesis using the Matrigel sponge model enriched with SKOV3 ovarian cells. SKOV3 cells were chosen to avoid misleading results due to potential cytotoxic effects of AT-lipid mediators on cancer cells. Indeed, in vitro tests of cell viability showed a higher resistance of SKOV3 compared to other ovarian cancer cells tested (CaOV and A2870) to 17R-HDHA and 17R-RvD1 treatment (data not shown).
Microvessel density (MVD) was significantly reduced in mice treated with either 17R-HDHA or 17R-RvD1, when compared with controls (Figure 9), lending additional support to the results obtained in vitro.
[image: Figure 9]FIGURE 9 | Effect of 17R-HDHA and 17R-Resolvin D1 on bFGF-induced angiogenesis in vivo. Vascularization of Matrigel pellets by staining with anti-CD31 mAb and calculation of microvessel density (MVD). For angiogenesis to be induced, on day 0 NOD/SCID-γ−/−(NSG) mice were injected s. c. with Matrigel (400 μL per injection) supplemented with bFGF (500 ng) and SKOV-3 tumor cells (5 × 105cells per injection), along with 17R-HDHA (3 μM), 17R-Resolvin D1 (50 nM) or vehicle (EtOH). The pan FGFR inhibitor BGJ398 (1 μM) was used as a positive control. Seven days later, animals were killed and Matrigel pellets obtained, frozen and processed for immunohistochemical analysis. (A) Representative microphotographs are shown (original magnification: ×200). (B) Quantitative analysis of MVD. Bars show the mean ± SEM values of n = 5 animals per group. T-test *p < 0.05 vs. coltrol (vehicle, CTRL).
3 DISCUSSION
In the present study we provide initial evidence that combined treatment with DHA and ASA results in larger effects on endothelial cell migration and angiogenesis than the simple sum of the effects resulting from DHA or ASA treatments. The increased effects on angiogenesis are associated with increased amounts of 17-HDHA being produced in the presence of ASA + DHA, as the result of acetylated COX-2 acting as a 15R-lipoxygenase (Mancini et al., 1994). Administration of both exogenous 17R-HDHA and the trihydroxylated DHA derivative 17R-RvD1 were also able to modulate angiogenesis, reducing vessel formation in a model of angiogenesis in vivo, providing support to the hypothesis of a causal relationship between the formation of Aspirin Triggered DHA metabolites and the effects on angiogenesis.
Angiogenesis is a stepwise process requiring proliferation and migration of endothelial cells (Conway et al., 2001; Lee et al., 2021). Several studies have shown that AA and DHA may affect tumor angiogenesis in opposite ways either directly or through their oxygenated metabolites (Kang and Liu, 2013). In particular, ω3-PUFAs may act by inhibiting the production of several pro-angiogenic metabolites, including mediators derived from AA such as PGE2 (Spencer et al., 2009), or by directly modulating angiogenesis through the conversion into bioactive lipid mediators arising from the activities of acetylated-COX-2, LOXs and CYP450s (Gilligan et al., 2019; Kelly et al., 2024; Sulciner et al., 2018b).
ASA possesses antitumor properties that may be ascribed, at least in part, to its antiplatelet activity (Contursi et al., 2024), as well as to the ability to affect angiogenesis by inhibiting the formation of PGE2 (Salvado et al., 2013), a potent, COX-2 derived eicosanoid contributing to VEGF-dependent and -independent angiogenesis (Santiso et al., 2024; Xu and Croix, 2014). While ASA inhibits the biosynthesis of prostanoids both from COX-1 and COX-2, acetylation of the latter converts COX-2 into a 15-lipoxygenase, capable of metabolizing both AA and DHA into 15(R)-hydroxyeicosatetraenoic acid (15R-HETE) and 17R-HDHA, respectively (Mancini et al., 1994; Serhan et al., 2002); both compounds also serves as the substrate for the 5-LOX-dependent formation of specific Aspirin-Triggered (AT)-lipid mediators possessing protective effects in inflammatory diseases (Romano et al., 2015; Serhan et al., 2002). A limited number of studies investigated the antiangiogenic properties of AT-lipid mediators, mainly focusing on AA-metabolites (Cezar-De-Mello et al., 2006; 2008) or RvD1 (Maisto et al., 2020) but little is known about the potential role of 17R-HDHA.
Normal plasma concentrations of DHA, assessed by GC/FID or GC/MS in humans, range between 70 and 160 μg/mL, that is 150–500 µM (Buchanan et al., 2021; Lv and Yang, 2012). Nevertheless, free fatty acids account for a small fraction of plasmatic fatty acids, with concentrations ranging from 200 to 600 µM in total, that is between 2 and 6 µM for DHA (Yli-Jama et al., 2002), values that we showed can increase by 2-3 folds upon DHA supplementation with either a fish-rich diet or fish-oil capsules (Visioli et al., 2003). We therefore assessed the effects of ω3-PUFAs at the concentration of 10 μM, and their potential positive interaction with ASA on collective HUVEC migration using a wound healing migration assay, showing that both treatments decrease EC migration, without affecting cell viability. Moreover, the effect observed in the presence of both ASA and DHA was more than additive, suggesting that ASA may potentiate the activity of DHA or vice-versa. Acetylation of COX-2 by ASA prevents the formation of pro-angiogenic PGE2 prostanoids in HUVECs (Mulligan et al., 2010; Tamura et al., 2006), but in the presence of DHA the acetylated enzyme may still synthesize 17R-HDHA that can either act on its own or be further metabolized by 5-LO into 17R-resolvins (Serhan and Levy, 2018).
Detection of 17-HDHA in supernatants from HUVECs incubated with DHA is in agreement with results previously obtained using vascular tissues (Chatterjee et al., 2017), and the increased amounts observed in the presence of ASA suggest that acetylated COX-2 in HUVECs may contribute to the final production of 17-HDHA. It must be noted that we did not carry out chiral analysis of the observed hydroxylated metabolite of DHA, and therefore it is possible that in the presence of DHA alone the stereochemistry of the 17-hydroxyl may be S or a combination of S and R, while the additional formation of 17-HDHA observed in the presence of ASA could be referred to the formation of the R epimer, according to the stereochemistry of the product resulting from acetylation of COX-2.
17S-HDHA, the epimer of 17R-HDHA, is metabolized within 4 h to generate Rv-D1 and this conversion in vivo is mainly mediated by transcellular metabolism involving interaction between inflammatory (e.g. macrophage or neutrophils) and endothelial cells (Serhan et al., 2002; Chatterjee et al., 2017). Although it is known that R epimers resist rapid inactivation by oxidoreductases and have longer half-lives with respect to the S epimers, limited evidence is available about the in vivo biological activity of 17R-HDHA. The assessment of the direct activity of 17R-HDHA on HUVECs, showed that this metabolite is clearly effective in modulating their pro-angiogenic potential, an effect that was confirmed also by in vivo administration in an animal model of angiogenesis. While 17R-RvD1 was also able to affect microvessel formation in vivo (and at lower concentrations), it must be noted that in vivo formation of di- and tri-hydroxylated DHA derivatives (such as the 17R-RvD1) has been questioned over the last few years (O’Donnell et al., 2023; Schebb et al., 2022). Undetectable levels of SPMs were reported under different conditions, including supplementation with high doses of DHA and in vivo challenge with LPS in humans (Skarke et al., 2015), while in vitro formation of monohydroxylated DHA derivatives in human leukocytes vastly exceeded that of (if any) di- and tri-hydroxylated metabolites (Kahnt et al., 2023).
Indeed, we have been able to consistently report the in vivo formation of 14-hydroxy and 17-hydroxy-docosahexaenoic acid in different pathological conditions (Teopompi et al., 2019; Terranova et al., 2022), and we believe that monohydroxy derivative of DHA may play an important role in mediating the biological effects of DHA and DHA supplementation. Almost 40 years ago, we reported that the 12-lipoxygenase derived DHA metabolite, namely the 14-hydroxy-docosahexaenoic acid, is a potent receptor antagonist of Thromboxane A2 (Croset et al., 1988), and the present results support another relevant activity for a DHA monohydroxy-derivative.
It must be noted that our study has limitations: while the effects observed on isolated endothelial cells may support the activity observed in vivo, the specific contribution of direct effects on these cells and indirect systemic effects will require additional investigation. The use of the Matrigel sponge also may have a limited relevance with respect to specific tumor angiogenesis, but it must be noted that this experimental model is still widely accepted for the evaluation of the angiogenic potential or anti-angiogenic activity of various compounds in experimental animals (Benton et al., 2014; Kastana et al., 2019).
Overall, the data presented are showing that DHA and ASA may synergistically affect endothelial cell migration and angiogenesis, and that 17R-HDHA can contribute to these activities, as also shown by its ability to affect invasion and microvessels formation in vivo. While additional research is necessary to establish the molecular mechanisms of these activities, the evidence obtained may contribute to explain the beneficial effects of aspirin and ω-3 FA in the context of cancer.
4 MATERIALS AND METHODS
4.1 HUVEC isolation and culture
Human umbilical vein endothelial cells (HUVECs) were isolated as previously published (Bolego et al., 2006). Briefly, umbilical cords were collected after delivery, from full-term normal pregnancies at the Obstetrics and Gynaecological Unit of Padua University Hospital. The donors gave their informed consent, and the collected cords were non-identifiable. The procedure was approved by the local Ethics Committee (Comitato Etico per la Sperimentazione Clinica della Provincia di Padova). Each HUVEC preparation was derived from at least three donors and cells were pooled after isolation. Cells were grown in medium M199 (Thermo Fisher Scientific, Waltham, MA, United States) supplemented with 15% fetal calf serum (FCS, Thermo Fisher Scientific), gentamicin (40 μg/mL, Thermo Fisher Scientific), endothelial cell growth supplement (ECGS, 100 μg/mL), and heparin (100 UI/mL, Sigma-Aldrich, Saint Louis, MO) at 37°C in a humidified 5% CO2 atmosphere. HUVECs were identified by their morphology and the expression of CD31-related antigen and used for experiments from passages 2 through 6.
4.2 MTT assay
HUVECs were seeded in complete medium at different cell densities considering the duration of the treatment (2 × 104, 1.5 × 104 or 104 cells for 24, 48 and 72 h of treatment, respectively) in 96-well plates. The next day, cells were treated in fresh medium containing DHA or AA (Cayman Chemical, Ann Arbor, United States), or with ASA in the presence or absence of DHA (Sigma-Aldrich), as detailed in the Results section. Selected experiments were performed by treating cells with increasing concentrations of 17R-HDHA (Cayman Chemical) for 72 h. Four hours before the end of incubation, 10 μL of 3-[4,5 dimethylthiazol-2-yl]-2,5 diphenyltetrazolium bromide (MTT, 5 mg/mL in phosphate-buffered saline, Sigma Aldrich) was added to each well. Then, the medium was removed and formazan crystals were dissolved in 100 μL dimethylsulfoxide. MTT reduction was quantified by measuring light absorbance with a Wallac Victor2 plate reader (PerkinElmer, Waltham, MA, United States) at 570–630 nm. Background absorbance values from control wells (cell-free media) were subtracted. Cell viability is expressed as percent of controls.
4.3 Chemotaxis assay
Chemotaxis experiments were performed in a 48-well microchemotaxis chamber (Neuro Probe, Gaithersburg, MD, United States) using 8 μm polyvinylpyrrolidone-free polycarbonate filters coated with 10 μg mL−1 of collagen (rat tail, Roche, Basel, Switzerland). Upper chambers were filled with 50 μL HUVEC suspension (1.6 × 105 cells per mL in M199 supplemented with 1% FBS and 100 UmL−1 heparin). Lower chambers were filled with 28 μL of complete M199 supplemented with 100 UmL−1 heparin in presence of 15% FBS plus 100 μg mL−1 ECGS. Cell migration towards complete medium with 15% FBS was taken as control. For the evaluation of the basal motility, M199 supplemented with 1% FBS and 100 UmL−1 heparin was added in the lower chamber. 17R-HDHA (0.3–3 µM) was added both in the upper and lower compartment. After 6 h of incubation at 37°C, the non-migrated HUVECs on the upper surface of the filter were removed by scraping. The cells that migrated to the lower side of the filter were stained with Diff-Quick stain (vWR Scientific Products, Bridgeport, NJ). Five images per well were acquired with a phase contrast inverted microscope (Nikon Eclipse Ti, Shinagawa, Tokyo, Japan) equipped with a digital camera using a ×20 objective. Cells were counted using a Cell Counter plugging developed by ImageJ version 1.47 software (National Institute of Health, United States). Each experimental condition was performed in sextuplicate. Results are expressed as percent of control.
4.4 Collective migration assay
HUVECs were seeded in complete medium at different cell densities considering the duration of the treatment (2 × 105, 1.5 × 105 or 105 cells for 24, 48 and 72 h of treatment, respectively) in 12-well plates. The next day the media was replaced with fresh complete medium containing AA or DHA in the presence or absence of ASA for up to 72 h as detailed in the Results section. Selected experiments were performed treating cells with 17R-HDHA for 24 or 48 h. After that, one scratch was made and cells were incubated in fresh medium containing the tested compounds for additional 16 h. At the end of the experiment, three images of each well were acquired with a phase contrast inverted microscope (Nikon Eclipse Ti) equipped with a digital camera using a ×4 objective immediately after the scratch was made (time 0) and after 16 h of incubation. The wound area of each image was measured using ImageJ, and the average wound area of three images was determined for each sample. Quantitative analysis of cell migration was performed as the percentage of area change using the following formula: %change = [(average wound area at t0 − average wound area at t16) ÷ average wound area at t0] × 100. Values are expressed as % change from control (untreated cells).
4.5 Capillary-like tube formation assay
HUVECs (2 × 104 cells) were plated onto a thin layer (120 µL) of a basement membrane matrix (Matrigel™, Corning Corp., Corning, NY, United States) in 48-well plates, and incubated at 37°C for 6 h in complete cell culture medium in the presence or absence of test compounds as indicated in the Results. Complete cell culture medium with 15% FBS was taken as control. Three images per well were acquired with a phase contrast inverted microscope (Nikon Eclipse Ti) equipped with a digital camera using a ×4 objective. Images were analyzed using Angiogenesis Analyzer, a plugin developed for the ImageJ software. The data on dimensional parameters (total tubule length) and topological parameters (number of junctions, nodes and meshes, and total mesh area) of the capillary-like network (Trenti et al., 2017) were analyzed in all the images obtained from control and treated wells. Data are expressed as percent change from controls.
4.6 Biosynthesis of proresolving lipid mediators by LC-MS-MS
HUVECs (2 × 105 cells) were seeded in complete medium in 12-well plates and treated with DHA or ASA or DHA + ASA for 24 h. At the end of the experiment, cell medium was harvested and analyzed by Liquid chromatography-tandem mass spectrometry as previously published (Teopompi et al., 2019) with modifications. Briefly, samples were centrifuged to remove any cellular material. 50 μL of internal standard ([d8]15-HETE, Cayman Chemical) were added to 700 μL of sample and immediately applied to polymeric SPE cartridges (Strata-X, 33 μm Polymeric Reversed Phase; Phenomenex, Torrance, CA) that had been preconditioned with 1 mL methanol and 1 mL water. After washing with 1 mL of water, the hydroxy-fatty acids were eluted using 400 μL of a acetonitrile:methanol (65%:35%). Samples were evaporated to dryness by centrifugation under vacuum (SpeedVac; Thermo Scientific, Waltham, MA) and reconstituted in 100 μL of a solution 70% (v/v) phase A (water, acetic acid 0.05%, pH: 5.7) and 30% (v/v) phase B (65% acetonitrile and 35% methanol). 10 μL of each sample were injected in an HPLC (Agilent 1,100) equipped with a reverse phase column (Kinetex 5 µm C18, 50 × 2.1 mm, Phenomenex, Castel Maggiore, BO, Italy). The column was eluted with a linear gradient from 30% to 100% solvent B over 9 min. The effluent from the high-performance liquid chromatography (HPLC) column was directly infused into the electro spray source of an API4000 triple quadrupole (ABSciex, Framingham, MA) operated in negative ion mode. Quantitation was performed using standard curves obtained with synthetic standard (17R-HDHA, Cayman Chemical) and stable isotope dilution.
4.7 In vivo angiogenesis
4.7.1 Animals and treatment
All procedures involving animals and their care conformed to institutional guidelines that comply with national and international laws and policies (EEC Council Directive 86/609, OJ L 358, 12 December 1987) and were authorized by the Italian Ministry of Health (Authorization n. 129/2017-PR). Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath et al., 2015). During in vivo experiments, animals in all experimental groups were examined daily for a decrease in physical activity and other signs of disease or drug toxicity. Six to eight-week-old female NOD/SCID-γ−/− (NSG) mice were purchased from Charles River Laboratories (Wilmington, MA, United States) and housed in our specific pathogen-free animal facility in Allentown IVC cages (floor area 542 cm2) with a maximum of six mice per cage. All mice received water and food ad libitum and were kept under a 12 h light/dark cycle in a well-ventilated room at an approximate temperature of 22°C. Mice acclimatized for a minimum of 7 days and a maximum of 15 days before being randomly assigned to treatment or vehicle groups.
The Matrigel sponge model of in vivo angiogenesis introduced by Albini et al. (1994), Passaniti et al. (1992) was used. For angiogenesis to be induced, NSG mice were randomly divided into four groups of five animals each and injected s. c. into both flanks with 400 μL Matrigel supplemented with 500 ng bFGF and SKOV-3 tumor cells (5 × 105 cells per injection), along with either 17-R-HDHA (3 µM), 17-R-RvD1 (50 nM, Cayman Chemical) or vehicle (EtOH). The pan FGFR inhibitor BGJ398 (Selleck Chemicals GmbH, Cologne, Germany) was used as positive control (Rezzola et al., 2021). Seven days after injection, mice were anaesthetized with isoflurane/oxygen and killed via cervical dislocation, and Matrigel pellets (two pellets per mouse) were collected.
4.7.2 Evaluation of MVD
Four-μm-thick frozen sections of Matrigel pellets were processed for immunohistochemistry as previously reported (Nardo et al., 2011). Microvessels were stained by rat anti-CD31 mAb (1:50 dilution; Becton Dickinson, East Rutherford, NJ, United States); immunostaining was performed using the avidin–biotin–peroxidase complex technique and 3–3′ diaminobenzidine as chromogen (Vector Laboratories, Burlingame, CA, United States), and the sections were then lightly counterstained with Mayer’s haematoxylin. Parallel negative controls, obtained by replacing primary Abs with PBS, were run. Microvessel density (MVD) was quantified by screening the CD31-stained sections for the areas of highest vascularity. The number of fields analyzed varied between 5 and 10 per sample, depending on the sample size. Images were collected at a total magnification of ×200. For each animal, the mean value of replicates was used for statistical analysis; five animals per group were analyzed.
5 STATISTICAL ANALYSIS
All data represent the results of at least three independent experiments. Results are expressed as mean ± standard error of the mean (SEM). GraphPad Prism Software, version 8.4 (San Diego, CA, United States) was used for plotting of the data and statistical analysis. Data were analyzed by one-way ANOVA followed by Dunnett’s post hoc test or T-test as detailed in the figure legends. Differences were considered statistically significant for p < 0.05.
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Background: Interleukin-6 (IL-6) is a pleiotropic cytokine, with specific effects depending on the immune microenvironment. Extensive research has confirmed the pathological roles of the IL-6/JAK2/STAT1/3 signaling pathway in inflammation, autoimmunity, and cancer, as well as its involvement in the pathogenesis of various rheumatic diseases. However, the role and impact of IL-6 as an upstream regulator of the JAK2-STAT1/3 pathway in gout have seldom been reported. This study explores the influence and role of upstream IL-6 in regulating the JAK2-STAT1/3 signaling pathway on gout inflammation, offering new insights for targeted therapeutic interventions and drug development in gout management.Methods and Results: Clinical data and peripheral blood specimens were collected from gout patients and healthy individuals. In vitro and in vivo models of acute gout inflammation were established by stimulating PBMCs, THP-1 cells, and mice with MSU crystals. IL-6 expression was manipulated using IL-6 agonists and IL-6 knockout (KO) mouse technology to investigate the role and impact of the IL-6-mediated JAK2-STAT1/3 signaling pathway in gout models. RT-qPCR, WB, and ELISA were utilized to assess gene and protein expression levels. Paw swelling in mice was measured using a caliper gauge, while HE and IHC staining were conducted to evaluate the inflammatory status of mouse paw pad synovial tissues and detect the positive expression of relevant proteins. Serum IL-6 protein expression levels were significantly elevated in patients with gouty arthritis (GA) compared to healthy individuals, with multifactor logistic regression revealing an odds ratio (OR) of 2.175 for IL-6. In GA patients, mRNA expression of IL-6, JAK2, STAT1/3, and IL-1β was notably lower in the gout group compared to the healthy control (HC) group. Moreover, IL-6, JAK2, STAT1/3, p-JAK2, p-STAT1/3, and IL-1β proteins were markedly higher in the acute gout (AG) group compared to the intercritical gout (IG) and HC groups. Within the IG group, IL-6, JAK2, STAT3, and IL-1β proteins were significantly elevated compared to the HC group, whereas STAT1, p-JAK2, and p-STAT1/3 proteins were significantly lower. The expression of IL-6 protein and JAK2 mRNA showed positive correlations with certain inflammatory markers. In the 2h human blood in vitro gout inflammation model, expressions of IL-1β, IL-6, JAK2 mRNA, and IL-1β, IL-6, JAK2, STAT1/3, p-JAK2, p-STAT1/3 proteins were significantly higher compared to both the blank control and PBS-negative control groups. In the acute gout THP-1 cell model, The 6-hour model group showed significantly higher levels of IL-1β, IL-6, JAK2, STAT1/3 mRNA, and corresponding proteins, including their phosphorylated forms, compared to the blank control group. Additionally, treatment with an IL-6 agonist further increased these expression levels compared to the untreated model group. In the acute gout mouse model, IL-6 KO mice exhibited significantly reduced footpad swelling and swelling index compared to wild-type (WT) mice. HE staining revealed decreased inflammatory cell infiltration in IL-6 KO mice. Furthermore, Compared to 12-hour gout model WT mice, IL-1β, IL-6, JAK2, STAT1/3 mRNA, protein expression, and phosphorylated protein levels were notably decreased in IL-6 KO mice. IHC staining showed reduced positive expression of p-JAK2 and p-STAT1/3 in IL-6 KO mice. At the 24-hour mark, IL-6 mRNA and protein expression levels did not differ significantly between IL-6 KO and WT mice; however, IL-1β mRNA and protein expression, as well as JAK2 and STAT3 mRNA expression, were reduced in IL-6 KO mice, while STAT1 mRNA expression remained similar.Conclusion: IL-6 emerges as a potential risk factor for acute gout attacks, with its involvement in the JAK2-STAT1/3 signaling pathway contributing to the inflammation and pathogenesis process of acute gout through positive feedback mechanisms.Keywords: gout, IL-6, JAK2, STAT1, stat3, inflammation
INTRODUCTION
Gouty arthritis (GA) is an inflammatory disorder caused by disrupted purine metabolism, leading to abnormal deposition of monosodium urate (MSU) crystals in joints and surrounding tissues. It presents with joint redness, swelling, heat, pain, and functional impairment, potentially resulting in severe complications such as joint disability, uric acid nephropathy, and renal failure (He et al., 2023). In China, the number of gout patients was 16.2 million in 2019, with an age-standardized prevalence rate (ASPR) of 12.3% in males and 3.9% in females. The ASPR of gout has been increasing from 1990 to 2019, and projections indicate it will reach 11.7% in males and 4.0% in females by 2029, posing a significant burden on society and healthcare systems (Zhu et al., 2022). The inflammatory response in gout involves various cytokines such as IL-6, IL-1β, and TNF-α, pivotal in the amplification cascade of inflammation. Overproduction of these cytokines can lead to systemic manifestations like hemodynamic instability and metabolic disorders, contributing to pain syndromes (Pinto et al., 2021). Research (Zhang et al., 2021) has identified that both acute and chronic inflammation, alongside immune dysregulation, are significant factors in the pathogenesis of gout. Toll-like receptors and the NLRP3 inflammasome have been highlighted as crucial mechanisms underlying gout (Zhang et al., 2021), yet the in vivo self-regulation mechanism remains unclear. The JAK2-STAT1/3 signaling pathway, modulated by IL-6, is an intracellular pathway crucial for immune regulation. IL-6 mediates inflammation occurrence and progression through this pathway. Increasing evidence indicates (Hu et al., 2021) that dysregulation of the JAK2-STAT1/3 pathway is linked to various cancers, autoimmune disorders, and inflammatory conditions, and it plays a critical role in vivo self-regulation mechanisms.
The primary treatment goals for acute gout focus on alleviating inflammation, managing pain, and relieving symptoms. Common therapeutic approaches include non-steroidal anti-inflammatory drugs (NSAIDs), glucocorticoids, colchicine, and IL-1 antagonists to counteract acute inflammation. Chronic management of gout primarily revolves around lowering uric acid levels, often using medications such as allopurinol, to prevent recurrence and disease progression. However, these conventional therapies frequently lead to varying degrees of adverse reactions and complications (Keysser, 2020). In recent years, IL-6 has emerged as a pivotal factor in several inflammatory diseases (Kaneko and Takeuchi, 2021), including rheumatoid arthritis, systemic juvenile idiopathic arthritis, and vasculitis. The efficacy of tocilizumab, the first approved anti-IL-6 biologic, has been validated in treating these conditions (Kaneko and Takeuchi, 2021). Notably, studies by Mokuda et al. (2014) and Pinto et al. (2013) have reported the effectiveness of tocilizumab in treating a resistant case of severe tophaceous gout in a female patient and a severe tophaceous gout case in a male patient. Furthermore, research suggests that tocilizumab or baricitinib can inhibit IL-6 or its mediated JAK/STAT signaling pathway-induced inflammation in MSU-induced neutrophils (Temmoku et al., 2021). The JAK/STAT pathway functions as a central signaling hub for numerous inflammatory cytokines and plays a crucial role in the pathogenesis and progression of rheumatic diseases. Consequently, an increasing number of JAK inhibitors are being utilized in the treatment of rheumatic immune disorders (Tzeng et al., 2021). Currently, there is significant progress in clinical trials involving candidate molecules targeting the IL-6 and IL-6 signaling pathways across various diseases (Rose-John et al., 2023; Yao et al., 2014). Advancing biological understanding of the IL-6 and JAK/STAT signaling pathways enables clinical practitioners to better grasp how these insights influence the treatment strategies for autoimmune and inflammatory conditions. This study employs clinical analysis and establishes both in vitro and in vivo models of acute gouty arthritis (AGA) to investigate the role and impact of upstream IL-6 regulation of the JAK2-STAT1/3 signaling pathway on gout inflammation, while exploring potential underlying mechanisms. The objective is to enhance understanding of the self-regulatory mechanisms in gout and to offer new perspectives or theoretical foundations for clinical treatment strategies.
MATERIALS AND METHODS
Preparation of MSU crystals
One Gram of uric acid was dissolved in 200 mL of boiling water containing 6 mL of 1N NaOH. Hydrochloric acid was added to adjust the pH of the solution to 7.2. The solution was cooled with stirring at room temperature and then incubated overnight at 4°C. The precipitate was separated from the solution by filtration and dried under low temperature conditions. The crystals were weighed under sterile conditions and suspended in PBS at concentrations of 80 mg/mL and 25 mg/mL.
Patient samples and clinical data
A total of 111 cases were included in this study, comprising 55 cases of acute-phase gout (AG group) and 56 cases of intermittent gout (IG group), all male patients attending the Department of Rheumatology and Immunology at the Affiliated Hospital of Chuanbei Medical College from January 2023 to June 2023. All patients met the diagnostic criteria for gout established by ACR/EULAR in 2015, and complete clinical data were available. During the same period, blood specimens and data were collected from 57 male individuals undergoing health check-ups (HC group) in the hospital’s medical examination department. Peripheral blood mononuclear cells (PBMCs) and serum were obtained from these participants. Informed consent was obtained from all participants, and the study was approved by the Medical Ethics Committee (approval number: 2022ER376-1).
Human blood in vitro function experiment
Peripheral venous blood (32 mL each from 5 cases of HC) was collected and divided into eight groups. PBMCs were isolated using lymphocyte isolation solution in an ultra-clean environment. The cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum at a density of 5 × 105 cells/mL in 6-well plates. MSU crystals at a concentration of 100 μg/mL were used to stimulate cells at time points of 0, 1, 2, 4, 6, 8, 10, and 12 h. Incubation was conducted under standard conditions in a CO2 incubator (5 mL/L CO2). The concentrations of IL-1β and IL-6 proteins in plasma were measured using ELISA. Additionally, three tubes (4 mL each) of peripheral venous blood from 19 HC cases were collected, and PBMCs were isolated and cultured as described above. These cells were stimulated with 100 μg/mL MSU crystals for 2 h. A blank control group and a negative control group (PBS stimulation for 2 h) were included. Supernatants and cells were collected after treatment.
THP-1 cell experiments
Human myeloid leukemia mononuclear cells (THP1) were obtained from the cell bank of the Chinese Academy of Sciences. Cells were cultured in RPMI-1640 medium supplemented with 10% fetal bovine serum (ThermoFisher Scientific, USA) and 1% penicillin-streptomycin, and maintained in a humidified incubator at 37°C with 5% CO2. THP1 cells were differentiated using 100 ng/mL phorbol ester (Sigma, USA) for 48 h. Subsequently, cells were stimulated with 100 μg/mL MSU for 0, 3, 6, 9, and 12 h and maintained in a 37°C incubator with 5% CO2. For specific experiments, cells were stimulated with 100 μg/mL MSU for 6 h alone, or with 100 μg/mL MSU in combination with IL-6R alpha [MedChemExpress (MCE) Catalogue No: HY-P7223, USA] for a total of 6 h. A blank control was included for comparison. Supernatants and cells were collected after treatment.
Animal experiments
Heterozygous IL-6 knockout (IL-6+/−) mice were generated by breeding IL-6+/+ and IL-6−/− mice, followed by genotyping of the offspring within the same litter to identify IL-6+/+, IL-6+/−, and IL-6−/− genotypes. The IL-6 KO mice [obtained from the Max Planck Institute for Immunobiology, Freiburg, Germany; B6; 129S2 (Stock No. 002254)] and wild-type (WT) mice [purchased from SPF (Beijing) Biotechnology Co., Ltd.; SCXK (Jing) 2019–0,010] weighed 20–25 g. All mice were housed in pathogen-free facilities at the North Sichuan Medical College Animal Center under a 12-h light/dark cycle, with a relative humidity of 50%–70% and a temperature of 24°C ± 2°C. All animal handling and experimental procedures complied with the guidelines of the Institutional Animal Care and Use Committee (IACUC), and the study was approved by the Animal Ethics Committee of North Sichuan Medical College [Approval No. NSMC-IACUC-2023–082]. Each group, consisting of 6–8 mice, received an injection of 150 μL MSU (80 mg/mL) into the synovial space of the right foot pad of WT and IL-6 KO mice. The swelling index was calculated as (thickness of footpad injected with MSU - initial footpad thickness)/initial footpad thickness, with a ratio >0.15 indicating inflammation. Footpad thickness was measured at specified time points using electronic calipers. Subsequently, mice were anesthetized and euthanized in batches, and footpad tissues were processed for total RNA extraction using Trizol, total protein extraction via RIPA homogenization, and supernatant collection for cytokine analysis. Synovial tissues were fixed in 4% paraformaldehyde. Sections were subjected to Hematoxylin-eosin (HE) staining for histological analysis of inflammatory cell infiltration under a light microscope (×40 objective lens). Immunohistochemistry (IHC) staining was performed to observe p-JAK2 and p-STAT1/3 positive areas, following the kit instructions and high-pressure antigen retrieval method. Primary antibodies included rabbit anti-mouse p-JAK2, p-STAT1, and p-STAT3 antibodies (diluted 1:200). Slides were examined at ×400 magnification using a BA400Digital microscope and analyzed with the Halo 101-WL-HALO-1 Data Image Acquisition System.
Primer design and synthesis
The primers for human and mouse β-Actin, GAPDH, IL-1β, IL-6, JAK2, STAT1, and STAT3 genes were designed based on their gene sequences obtained from PubMed Gene. The primers were synthesized by Shanghai Shenggong Bioengineering Company, and the gene sequences are detailed in Table 1 and Table 2.
TABLE 1 | Primer sequences for human internal reference and target genes.
[image: Table 1]TABLE 2 | Primer sequences for mouse internal reference and target genes.
[image: Table 2]Total RNA extraction and quantitative reverse transcription PCR (qRT-PCR)
Total RNA was extracted from PBMCs, THP-1 cells, and mouse synovial tissues using the Trizol method. The RNA concentration was determined by UV spectrophotometry, with optimal absorbance values ranging between 1.8 and 2.0. Subsequently, cDNA synthesis was performed through reverse transcription. RT-qPCR was conducted using the SYBR Green PCR Mix kit (Takara, Japan) and the StepOnePlus Real-Time PCR System (CFXconnect, BIO-RAD, USA). The reaction volume for RT-qPCR was set at 10 μL, comprising 5 µL of Power SYBR Green PCR Mix, 3.4 µL of deionized water, 0.3 µL of each primer (forward and reverse), and 1 µL of cDNA. Reaction conditions: first step: 95°C 30s one cycle→95°C 5s→60°C 34s 40 cycles. Step 2: 95°C 5s→60°C 60s→95°C 15s one cycle. Specimens were arranged in duplicate wells, and lysis curves were analyzed upon reaction completion. The ∆Ct value, calculated as the difference between the Ct value of the target gene and the Ct value of the internal reference, was used to represent the mRNA expression level of the target gene through the 2-∆Ct method.
Western blotting (WB) and protein blot analysis
Cells were lysed using the RIPA method, and protein concentrations were determined using the BCA assay. Samples were separated by 8%–10% SDS-PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes (Sigma-Aldrich, USA) at 250 V. The membranes were blocked with BSA or IBlockTM for 30–60 min at room temperature and then incubated overnight at 4°C with primary antibodies. After extensive washing with TBST, the membranes were incubated with secondary antibodies at room temperature for 1 h. Protein signals were detected using an ultra-sensitive chemiluminescence method (Affinity ECL Reagent: FG-level) and captured with a Tanon-5200 chemiluminescence image analysis system. Primary antibodies used included rabbit antibodies against JAK2, p-JAK2, STAT1/3, p-STAT1/3 (Abcam, UK), rabbit antibodies against murine IL-1β, GAPDH, and rabbit antibodies against IL-6 (Affinity Biosciences, USA). Secondary antibodies used were goat anti-rabbit or anti-mouse antibodies (CST, USA). Grey values were quantified using ImageJ software, and the ratio to GAPDH was used for semi-quantitative analysis.
Enzyme-linked immunosorbent assay (ELISA)
Cytokine levels in serum, cell culture supernatant, and mouse tissue supernatant were measured using ELISA kits from Xinbosheng Reagent Kit (Beijing, China), Signalway Antibody (SAB, USA), and R&D Systems (USA), following the manufacturer’s protocols.
Statistical analysis
SPSS 26.0 and GraphPad Prism 8 software were utilized for statistical analyses. For normally distributed data, t-tests or one-way ANOVA followed by LSD post hoc tests were employed. Non-normally distributed data were analyzed using Kruskal–Wallis H tests and Mann-Whitney tests. Spearman correlation analysis was used to assess relationships between variables. Receiver Operating Characteristic (ROC) curves were constructed to evaluate diagnostic accuracy, and logistic regression was employed to assess risk factors. Statistical significance was set at P < 0.05.
RESULTS
Clinical data and laboratory test indices
Table 3 presents the general data and clinical characteristics of the subjects. Age, gender, LY, HDL, and LDLC did not differ significantly among the three groups (P > 0.05). Compared to the HC group, the AG group showed significantly higher levels of IL-6, sUA, Crea, eGFR, Cysc, GLU, Globulin, WBC, GR, MO, TG, TC, VLDL, apoA1, and apoB100. Similarly, the IG group exhibited higher levels of IL-6, sUA, Crea, eGFR, Cysc, GLU, Globulin, WBC, GR, LY, MO, TG, TC, VLDL, apoA1, and apoB100 compared to the HC group (all P < 0.05). Within the AG group, IL-6, sUA, Cysc, Globulin, ESR, hsCRP, WBC, GR, MO, and apoA1 levels were significantly higher than those in the IG group (all P < 0.05).
TABLE 3 | Comparison of clinical data and laboratory indicators between groups.
[image: Table 3]Multifactorial logistic regression of acute gouty attacks
To enhance model stability, the IG and HC groups were consolidated. Subsequently, all clinical data and serum IL-6 concentrations from the AG and combined groups were subjected to univariate regression analysis. Variables with a significance level of P < 0.05 and a Variance Inflation Factor (VIF) less than 10 were selected for inclusion in logistic regression, as detailed in Table 4. Using the forward stepwise regression method with an entry SLE of 0.05 and stay of 0.1, the final logistic regression results identified IL-6 as a significant risk factor for acute gouty attacks.
TABLE 4 | Univariate and multivariate logistic regression analysis of acute gouty attacks.
[image: Table 4]Comparative analysis of transcriptional and translational expression of IL-1β, IL-6, JAK2, and STAT1/3 in PBMCs from gout patients and healthy controls
The expression levels of IL-1β, IL-6, JAK2, and STAT1/3 mRNA were significantly lower in the gout group compared to the HC group (all P < 0.001). Subgroup analysis further revealed statistically significant differences in expression among all three groups (all P < 0.001). Specifically, IL-6 mRNA expression was significantly lower in both the AG and IG groups compared to the HC group, with lower levels observed in the AG group compared to the IG group (all P < 0.05). The expression of JAK2, STAT3, and IL-1β mRNA was significantly lower in both the AG and IG groups compared to the HC group, and levels were higher in the AG group than the IG group (P < 0.05). STAT1 mRNA expression was significantly lower in both the AG and IG groups compared to the HC group (P < 0.001), with no statistically significant difference between the AG and IG groups (P > 0.05) (Figure 1a). Protein levels of IL-6, JAK2, STAT1/3, p-JAK2, p-STAT1/3, and IL-1β among the three groups showed statistically significant differences (P < 0.001). Specifically, the AG group exhibited significantly higher levels compared to the IG and HC groups. Compared to the HC group, the IG group showed significant increases in IL-6, JAK2, STAT3, and IL-1β protein levels, while STAT1, p-JAK2, and p-STAT1/3 protein levels were significantly decreased (P < 0.05) (Figure 1b). These findings underscore elevated serum IL-6 levels and dysregulated expression of IL-6/JAK2/STAT1/3 signaling pathway-related genes in gout patients.
[image: Figure 1]FIGURE 1 | Transcriptional and translational expression of IL-1β, IL-6, JAK2, and STAT1/3 in PBMCs of gout patients and healthy controls. (a) Scatter plot showing mRNA expression levels of IL-1β, IL-6, JAK2, and STAT1/3. (b) IL-6 serum ELISA results, as well as protein bands and expression histograms for JAK2, STAT1/3, p-JAK2, p-STAT1/3, and IL-1β. Data are expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05.
Correlation analysis and ROC curves of IL-6 and JAK2 mRNA or protein expression with inflammatory markers in gout patients
ESR, CRP, WBC, GR, Mo, and LY serve as inflammation-related indicators crucial for assessing disease activity in gouty arthritis. Spearman correlation analysis revealed significant positive associations between ESR, CRP, WBC, GR, Mo, and serum IL-6 protein expression (all P < 0.05). Additionally, CRP, WBC, GR, Mo, and JAK2 mRNA expression showed significant positive correlations (P < 0.05) (Figure 2a). The Area Under the Curve (AUC) values (95% CI) for IL-6 and JAK2 mRNA expression in GA were 0.709 (0.632, 0.786) and 0.711 (0.631, 0.791), respectively, while for AG, the AUC (95% CI) of IL-6 mRNA expression was 0.781 (0.697, 0.865) (Figure 2b). These findings suggest that IL-6 and JAK2 are linked to both clinical and laboratory aspects of GA and offer additional diagnostic value in the evaluation of gout.
[image: Figure 2]FIGURE 2 | Correlation analysis and ROC curves of IL-6 and JAK2 mRNA or protein expression with inflammatory markers in gout patients. (a) Correlation analysis(n = 111). (b) ROC curve analysis:the AUC analysis for IL-6 and JAK2 is based on mRNA expression data.
Changes in the expression levels of IL-1β, IL-6, JAK2 and STAT1/3 in an in vitro gouty inflammation model in human blood
PBMCs from healthy individuals were stimulated with MSU to establish an in vitro model of gout using human blood. The expression of relevant genes was monitored at various time points. Compared to baseline (0 h), both IL-1β and IL-6 protein levels were significantly elevated after 1 h (both P < 0.05), with peak inflammation observed at 4–6 h, indicating successful establishment of the acute gout inflammation model (Figure 3a). In the 2-h in vitro gout inflammation model using human blood, mRNA expression of IL-1β, IL-6, and JAK2, as well as protein expression of IL-1β, IL-6, JAK2, STAT1/3, p-JAK2, and p-STAT1/3, were significantly higher in the model group compared to both the blank control group and the PBS-negative control group (all P < 0.05). No statistically significant differences were observed between the blank control group and the PBS-negative control group (both P > 0.05) (Figures 3b, c). These findings suggest that the IL-6-JAK2-STAT1/3 signaling pathway may be involved in the activation of acute gout inflammation or its pathogenesis process.
[image: Figure 3]FIGURE 3 | 0–12h and 2 h Human Blood In Vitro Gout Inflammation Model. (a) IL-1β and IL-6 serum ELISA results in the 0–12 h human blood in vitro gout inflammation model. (b) JAK2 and STAT1/3 mRNA results, along with IL-1β and IL-6 serum ELISA results in the 2 h human blood in vitro gout inflammation model. (c) Protein bands and expression histograms for IL-6, JAK2, STAT1/3, p-JAK2, p-STAT1/3, and IL-1β in the 2 h human blood in vitro gout inflammation model. Data are expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05.
In the THP-1 gout inflammation model lasting 6 hours, the addition of an IL-6 agonist enhances the inflammatory response via the JAK2-STAT1/3 signaling pathway
THP-1 macrophages were stimulated with MSU to establish an acute gout cell model, and gene expression was monitored at different time points. Compared to baseline (0 h), the expression of IL-1β and IL-6 proteins gradually increased, becoming statistically significant after 3 h (both P < 0.05). Analysis from the data suggests that inflammation peaks after 12 h (Figure 4a). In the 6-h cellular model of acute gout, the expression levels of IL-1β, IL-6, JAK2, STAT1/3 mRNA, and their respective proteins, including phosphorylated forms, were significantly higher in the model group compared to the blank control group (all P < 0.05) (Figure 4b). Additionally, when an IL-6 agonist was introduced to the model group, the expression of IL-1β, IL-6, JAK2, STAT1/3 mRNA, as well as IL-1β, IL-6, JAK2, STAT1/3, p-JAK2, and p-STAT1/3 proteins, showed significant elevation compared to the model group without agonist addition (all P < 0.05) (Figure 4c). These findings indicate that IL-6 agonists intensify the inflammatory response and amplify inflammation through the JAK2-STAT1/3 signaling pathway.
[image: Figure 4]FIGURE 4 | THP-1 Gout 6 h Inflammation Model with Combined IL-6 Agonist (IL-6Rα) to Observe the Potential Role and Effect on the JAK2-STAT1/3 Signaling Pathway. (a) ELISA results of IL-1β and IL-6 in supernatants from the 0–12 h THP-1 gout inflammation model. (b) IL-1β, IL-6, JAK2, and STAT1/3 mRNA results, along with IL-1β and IL-6 supernatant ELISA results in the THP-1 gout 6 h inflammation model with combined IL-6 agonists. (c) Protein bands and expression histograms for IL-6, JAK2, STAT1/3, p-JAK2, p-STAT1/3, and IL-1β in the THP-1 gout 6 h inflammation model with combined IL-6 agonists. Data are expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05.
IL-6 knockout mice (IL-6 KO) exhibit milder arthritis compared to wild-type B6 mice (WT)
MSU crystals were injected into the footpads of IL-6 KO and WT mice to establish an acute gouty arthritis model. The left panel of Figure 5a shows that the swelling index of footpads in WT mice significantly differed from the baseline (0 h) at 6, 12, and 24 h (P < 0.05), confirming the successful establishment of the gout model. The right panel of Figure 5a illustrates that, at 12 h, the footpads of WT mice were more visibly swollen and exhibited a higher swelling index than those of IL-6 KO mice (Figure 5a). Specifically, at 6 and 12 h post-injection, the swelling index of footpads in IL-6 KO mice was significantly lower than that in the WT control group(P < 0.05). The most substantial difference was observed at 12 h, prompting further experimental focus on this time point (Figure 5b). HE staining revealed more pronounced inflammatory cell infiltration in WT mice at 12 h and 24 h compared to IL-6 KO mice, with no significant difference observed at 0 h (Figure 5c). These results underscore that IL-6 knockout mitigates MSU-induced inflammation and arthritis in the experimental model.
[image: Figure 5]FIGURE 5 | IL-6 KO Mouse and WT Mouse Gout Models. (a) 150 µL of MSU (80 mg/mL) was injected into the right foot pads of mice, and the thickness of the foot pads was measured at 0, 6, 12, and 24 h, with photographs taken at each time point. The WT and WT + MSU12 h panels are re-used for illustrative purposes. (b) Swelling index plots of the foot pads at 0, 6, 12, and 24 h. Data are expressed as mean ± SD from three independent experiments(n = 8). *p < 0.05, **p < 0.01, ***p < 0.001. (c) HE staining of synovial tissue in the foot pads at 0, 12, and 24 h (scale = 20 μm, magnification ×400). Blue staining indicates inflammatory cell infiltration.
IL-6 KO mice avoid developing more severe gouty arthritis by impairing the JAK2-STAT1/3 signalling pathway
In IL-6 KO mice, both mRNA and protein levels of IL-6 were significantly reduced compared to untreated WT mice (P < 0.05), while the transcription and translation of other genes remained comparable. This suggests that heterozygous IL-6 KO mice may have been utilized to generate the gout model (Figures 6a, b). In the acute gout model, the mRNA and corresponding protein(contain their phosphorylated proteins) levels of IL-1β, IL-6, JAK2, and STAT1/3 were significantly lower in IL-6 KO mice compared to WT mice at 12 h post-injection (P < 0.05) (Figures 6a, b); Additionally, IHC staining revealed a decrease in the positive expression of phosphorylated JAK2 and STAT1/3 in IL-6 KO mice (P < 0.05) (Figure 6c). At 24 h, while IL-6 mRNA and protein expression levels were similar to WT mice (P > 0.05), IL-1β mRNA and protein levels, as well as JAK2 and STAT3 mRNA, were significantly downregulated in IL-6 KO mice (P < 0.05). In contrast, STAT1 mRNA expression remained unchanged (P > 0.05) (Figures 6a, b). These findings suggest that IL-6 deletion not only reduces inflammation but also mitigates the severity of gouty arthritis by impairing the JAK2-STAT1/3 signaling pathway.
[image: Figure 6]FIGURE 6 | Observation of Potential Roles and Effects of IL-6 Knockout on the JAK2-STAT1/3 Signaling Pathway in a Mouse Model of Acute Gouty Arthritis. (A) ELISA results of IL-1β and IL-6 in tissue supernatants, and mRNA results of IL-1β, IL-6, JAK2, and STAT1/3. (B) Protein bands and expression histograms for IL-6, JAK2, STAT1/3, p-JAK2, p-STAT1/3, and IL-1β. (C) Images of IHC staining for p-JAK2 and p-STAT1/3 in the footpad synovium after 12 h of MSU stimulation, along with results of positive areas (scale = 20 μm, magnification ×400). Tan coloration indicates positive expression. Data are expressed as mean ± SD from three independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns p > 0.05.
DISCUSSION
GA is a clinical syndrome precipitated by a persistent increase in blood uric acid levels, resulting in the abnormal accumulation of MSU crystals in joints and tissues. This condition manifests as joint swelling, severe pain, and restricted movement, largely due to the release of inflammatory mediators, such as cytokines and chemokines, from cells within the affected joints. Consequently, managing inflammation is vital for preventing GA attacks. In our study, we noted elevated levels of IL-6, ESR, hsCRP,WBC, GR, and Mo in GA patients compared to the HC group. These markers were significantly more elevated in the AG group than in the IG group, indicating a pronounced increase in serum IL-6 and other inflammatory markers in gout patients during acute episodes (Table 3). Moreover, logistic regression analysis identified IL-6 as a significant risk factor for acute gout attacks (Table 4). The development of AGA is strongly associated with the production of IL-6 and IL-1 (Figure 7). Initially, MSU crystals trigger the MYD88-NFκB signaling pathway via Toll-like receptors (TLRs) on immune cell membranes, leading to the release of cytokines such as IL-6 and IL-1β. IL-6 interacts with either membrane-bound (mIL-6R) or soluble (sIL-6R) receptors, in conjunction with gp130, to activate the JAK2/STAT signaling pathway. This activation promotes the transcription and expression of downstream genes. Recent studies have shown (Kothari et al., 2021) that prolonged stimulation by IL-1 increases the phosphorylation of STAT proteins (STAT1/3/5) across various immune cells, with IL-1β-induced IL-6 leading to later activation and phosphorylation of STAT1/3. Consequently, we hypothesize that the IL-6-mediated JAK2-STAT1/3 pathway contributes to the progression of gout, possibly enhancing TLRs-mediated mechanisms. Previous research has mainly focused on downstream effects, but our study is the first to clinically validate IL-6 as a risk factor for gout. Moreover, IL-6 acts upstream of JAK2/STAT1/3, initiating an inflammatory cascade that, through positive feedback, produces more IL-6, thus exacerbating inflammation. In animal models, targeting IL-6 disrupted the IL6-JAK2/STAT1/3-IL6 feedback loop, offering a potential therapeutic approach for effectively treating gout. This strategy could lead to novel therapeutic methods or drugs that target the IL-6 signaling pathway in gout management.
[image: Figure 7]FIGURE 7 | Schematic representation of the mechanism by which the IL-6-mediated JAK2-STAT1/3 signalling pathway affects gout.
To date, the TLR4 receptor is recognized as the primary sensor in gout, capable of recognizing pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) to initiate signaling. Subsequently, MyD88 mediates the translocation of NF-κB to the nucleus, enhancing the transcription of IL-6 and other pro-inflammatory cytokines, such as TNF-α and IL-1β, in monocytes (Silva et al., 2023). Furthermore, IL-6 mRNA transcription can be stimulated by signals from TNF or IL-1. Beyond monocytes and cytokines, stromal cells, certain immune cell subsets, lipid mediators, and adipokines also produce IL-6 in response to cellular stress induced by Toll-like receptor agonists (Millrine et al., 2022). IL-6 serves as a key immunomodulatory cytokine, influencing the pathogenesis of autoimmune diseases, chronic inflammatory conditions, cancers, and other disorders. It induces intracellular signaling through the JAK/STAT, Ras/MAPK, and PI3K pathways. Within the JAK/STAT pathway, dimerization of Gp130 results in the proximity of JAKs, leading to phosphorylation of tyrosine residues on the Gp130 cytoplasmic domain. Molecules containing the Src homology 2 (SH2) structural domain, STAT1/3 and protein tyrosine phosphatase 2 (SHP2) containing the SH2 structural domain are attracted to the tyrosine phosphorylation motif of gp130. This recruitment facilitates the phosphorylation of STAT1/3 by JAKs, which then translocate to the nucleus to activate transcriptional outputs and trigger the mitogen-activated protein kinase pathway via SHP2. Concurrently, STAT3 activation induces various IL-6 response genes, including acute phase proteins. STAT3 also induces SOCS1 and SOCS3, which bind to phosphorylated JAK and phosphorylated Gp130, respectively, forming a negative feedback loop to terminate IL-6 signal transduction (Figure 7). Multiple mechanisms regulate IL-6 expression; however, its abnormal expression plays a crucial role in the pathogenesis of various autoimmune and inflammatory diseases (Aliyu et al., 2022). This study revealed decreased mRNA levels of IL6-JAK2-STAT1/3 in the peripheral blood of gout patients compared to the HC group (Figure 1a), suggesting a potential negative feedback mechanism in humans. Additionally, the levels of IL-6 protein and JAK2 mRNA were positively correlated with certain inflammatory markers(Figure 2a), reflecting their association with gout’s clinical and laboratory activities. These findings align with Nara Gualberto Cavalcanti’s research (Cavalcanti et al., 2016), which also associated IL-6 with tophi presence and joint deformities in gout patients. Elevated IL-6 levels in children with hyperuricemia (Di Y et al., 2018) also correlated with disease activity, an interesting parallel. Subgroup analysis showed significant increases in IL-1β and IL6-JAK2-STAT1/3 proteins and their phosphorylated forms in the AGA group, while the IG group exhibited higher levels of IL-1β and total IL6-JAK2-STAT3 proteins, with decreased phosphorylated STAT1 and JAK2-STAT1/3 proteins (Figure 1b). This suggests a crucial role for phosphorylated proteins in gout’s inflammatory response and indicates involvement of the IL-6 and JAK2-STAT1/3 signaling pathways in gout pathogenesis. Further subgroup analysis indicated reduced expression of JAK2-STAT1/3 proteins and their phosphorylated forms in the IG group compared to the AG group (Figure 1b). This suggests a decrease in JAK2-STAT1/3 signaling pathway activation as gout transitions to the intercritical phase. The spontaneous resolution of acute gout attacks may relate to this pathway’s downregulation, paralleling findings by Jumpei Temmoku et al. (Temmoku et al., 2021). Contrarily, IL-6 protein levels in peripheral blood serum were significantly higher in the AG group than in the IG group, indicating rapid increases during acute gout attacks. This rise in IL-6 could potentially trigger JAK2 activation, thereby initiating the JAK2-STAT1/3 signaling pathway and intensifying the inflammatory response. Numerous studies have linked excessive or sustained IL-6 production with various inflammatory diseases (Narazaki and Kishimoto, 2018) supporting the hypothesis that IL-6 dysregulation plays a critical role in gout pathogenesis. Additionally, in the MSU-induced human blood ex vivo gout model over 0–12 h (Figure 3a), IL-1β and IL-6 protein expression levels increased at 1 h and peaked between 4 and 6 h compared to baseline. Furthermore, the 2-h human blood ex vivo gout inflammation model (Figures 3b, c) showed significantly elevated levels of IL-1β, IL-6, JAK2 mRNA, and their respective proteins, including phosphorylated JAK2 and STAT1/3, compared to both control groups. Collectively, these data indicate that the IL-6/JAK2/STAT1/3 signaling pathway may play a role in the activation of acute gout inflammation and its pathogenesis.
The JAK/STAT pathway is integral to signal transduction driven by extracellular cytokine-activated receptors, playing critical roles in cell proliferation, differentiation, apoptosis, organ development, and immune homeostasis (Xin et al., 2020). Biologic therapies highlight cytokines as key mediators of immune-driven diseases, with JAK inhibitors proving to be safe and effective for treating numerous autoimmune and inflammatory conditions (Schwartz et al., 2017). Research extensively shows that IL-6 regulates nuclear target genes via the JAK2-STAT1/3 pathway (Zeng et al., 2023; Deng et al., 2023). To determine whether IL-6 agonists exacerbate gouty arthritis via the JAK2-STAT1/3 signaling pathway, we conducted in vitro experiments. Therefore, THP-1 cells were treated with IL-6 agonists to establish an acute gouty inflammation model. In a gout model using THP-1 cells treated with MSU at different time points, varying degrees of upregulation in IL-1β and IL-6 proteins were observed over time (Figure 4a). In the 6-h acute gout cell model, expression levels of IL-1β, IL-6, JAK2, STAT1/3 mRNA, and their respective proteins—including phosphorylated JAK2 and STAT1/3—were significantly elevated in the model group compared to the blank control group. Moreover, treatment with an IL-6 agonist further increased these expression levels compared to the untreated model group, demonstrating a notable enhancement in inflammatory signaling (Figures 4b, c). These results suggest that the IL-6 agonist enhances the expression of the JAK2-STAT1/3 pathway, intensifying the inflammatory response and indicating that it amplifies inflammation via this signaling route. Supporting evidence indicates that IL-6 activates the JAK2/STAT3/SOCS3 pathway, playing a critical role as an inflammatory cytokine that promotes both pro-inflammatory and anti-inflammatory responses (Wang et al., 2013). Furthermore, activation of the JAK2/STAT3 pathway has been implicated in uric acid-induced kidney damage and the overproduction of inflammatory cytokines (Lin et al., 2021). It has also been reported that purine-induced interferon-γ activates STAT1 and, in synergy with interferon regulatory factor 1, upregulates xanthine oxidoreductase expression, promoting uric acid generation and inducing inflammation (Wang et al., 2022). Moreover, studies involving LPS-induced macrophages and adjuvant-induced arthritis in rats demonstrate that the production of pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α requires activation through the NF-κB, JAK1-STAT1/3, and MAPK signaling pathways to exert inflammatory effects (Luan et al., 2022). In summary, once inflammatory mechanisms are activated, IL-6 plays a crucial role in acutely amplifying its signaling pathways. IL-6 activation of the JAK2-STAT1/3 signaling pathway stimulates acute-phase protein production and induces leukocytosis, fever, and angiogenesis during the acute phase. In later stages, IL-6 promotes the transition to chronic inflammation by sustaining monocyte chemoattractant protein-1 secretion, vascular proliferation in T cells, and anti-apoptotic functions, facilitating mononuclear cell aggregation at the injury site. Overall, these findings highlight IL-6’s role and impact as a cytokine that promotes autoimmune phenomena and amplifies acute inflammation via the JAK2-STAT1/3 signaling pathway.
The JAK/STAT pathway is a principal signaling cascade regulated by cytokines, essential for initiating innate immunity, coordinating adaptive immune responses, and ultimately moderating inflammation. To explore whether IL-6 KO alleviates gouty arthritis through the JAK2-STAT1/3 pathway, and to confirm the role of IL-6 KO in the inflammatory response induced by MSU crystals, we conducted in vivo experiments in mice. MSU crystals were injected into the footpads of both WT and IL-6 KO mice to simulate human AGA. In this model, WT mice developed more severe arthritis compared to IL-6 KO mice. In this model, WT mice exhibited more severe arthritis and greater footpad swelling than IL-6 KO mice, as consistently documented (Figures 5a, b). Histological analysis with HE staining showed increased inflammatory cell infiltration in WT mice compared to IL-6 KO mice (Figure 5c). These observations suggest that genetic deletion of IL-6 mitigates MSU-induced inflammation and arthritis, highlighting the potential of targeting IL-6 as a therapeutic approach for managing MSU-induced arthritis. In IL-6 KO mice, basal transcription and translation levels of JAK2-STAT1/3 remained unaffected. However, during MSU-induced arthritis, these levels were significantly reduced (Figures 6a, b), indicating that targeting IL-6 can inhibit the activation and phosphorylation of the JAK2-STAT1/3 pathway, thereby alleviating arthritis inflammation. After establishing the acute gout mouse model with MSU (Figure 6), significant downregulation in the transcription and translation levels of IL-1β and IL-6-mediated JAK2-STAT1/3 signaling was observed in IL-6 KO mice compared to WT mice at 12 h. Moreover, at 24 h, there was a decrease in IL-1β mRNA and protein expression, along with reduced expression of JAK2 and STAT3 mRNA in IL-6 KO mice compared to WT mice. The combined trends of IL-1β and IL-6 suggest that IL-6 gene knockout attenuates the JAK2-STAT1/3 signaling pathway, inhibiting pro-inflammatory cytokine production and alleviating MSU-induced gouty arthritis. These findings corroborate that IL-6 gene knockout can downregulate inflammation through the JAK2-STAT1/3 pathway. Literature reviews, coupled with network pharmacology and bioinformatics predictions, have identified IL-6 and STAT1/3 as critical targets for anti-gout treatment (Yang et al., 2023; Liu et al., 2022). These targets modulate the IL-6/STAT1/STAT3 pathway, which has been shown to significantly prevent and treat gout and arthritis. Similar therapeutic outcomes and mechanisms have been observed with the use of extracts from Ephedra sinica (Han et al., 2016) and Simiao Wan(Shi et al., 2021) in managing gouty arthritis. Evidence suggests (Yen et al., 2015; Jaramillo et al., 2004) that targeting the JAK2 or JAK2/STAT1α pathways induced by MSU crystals in macrophages can release anti-inflammatory mediators, counteracting the formation of pro-inflammatory cytokines. Previous studies have implicated the JAK2/STAT3 signaling pathway and downstream IL-6 in uric acid-induced kidney injury, highlighting potential strategies for preventing and treating hyperuricemia-associated kidney damage. Extracts of Cortex Phellodendri (Pan et al., 2021) and berberine (Lin et al., 2021) reportedly reduce the invasion of inflammatory factors and uric acid accumulation in the kidneys by inhibiting STAT3 expression or activating the JAK2/STAT3 signaling pathway, thereby alleviating hyperuricemic nephropathy progression. Based on the above, inhibiting or reducing IL-6 expression and the IL-6-mediated JAK2-STAT1/3 signaling pathway in AGA can alleviate the severity of MSU crystal-induced arthritis and inflammation. This evidence could serve as a foundation for developing new therapeutic approaches and medications for treating gout.
CONCLUSION
Previous studies have largely concentrated on the JAK2/STAT3 or JAK2/STAT1α signaling pathways and their downstream mediator, IL-6. Our study enriches this field by demonstrating that IL-6 acts as an upstream regulator of the JAK2-STAT1/3 signaling pathway. For the first time, our research identifies IL-6 as a risk factor for acute gout attacks, elucidating that the IL-6-mediated JAK2-STAT1/3 signaling pathway participates in the inflammation and pathogenesis of acute gout through positive feedback mechanisms. Overall, targeting IL-6 signaling could be an effective therapeutic strategy for treating gout or managing gout attacks.
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Background: The flavonoids found in Epimedium exhibit a wide range of pharmacological activities, with their immunostimulatory effects emerging as a significant area of research in recent years. However, the underlying mechanism of their immunostimulatory activity remains unclear.Purpose: To investigate the immunostimulatory effects and elucidate the specific mechanisms of Epimedium flavonoids both in vitro and in vivo.Methods: The immunostimulatory effects and underlying mechanisms of flavonoids from Epimedium were evaluated in vitro using a variety of techniques, including cell viability assays, flow cytometry, real-time reverse transcription-quantitative polymerase chain reaction (qRT-PCR), enzyme-linked immunosorbent assay (ELISA), molecular docking, plasmid recombination and transformation, recombinant protein expression, surface plasmon resonance (SPR), and NF-κB/SEAP assays. To investigate the immune response in animal experiments, Epimedium flavonoids were compared with traditional adjuvants, utilizing biochemical analysis and flow cytometry.Results: Epimedium flavonoids, primarily composed of icaritin, icariin I and icariin II, were observed to significantly enhance the expression of surface co-stimulatory molecules (CD40, CD80, CD86) and major histocompatibility complex (MHC-I, MHC-II) in bone marrow-derived dendritic cells (BMDCs) and RAW 264.7 cells. Additionally, the production of chemokines and pro-inflammatory cytokines was significantly increased in RAW 264.7 cells. In vivo, the findings demonstrated that the vaccine adjuvant containing Epimedium flavonoids significantly increased the serum concentration of total OVA-specific IgG compared to the control group. SPR analysis revealed that icariin II exhibited the highest binding response to TLR7, while icariin I and icariin II showed the strongest interactions with TLR8 protein, even surpassing the positive control drug, Resiquimod. The NF-κB/SEAP assay further confirmed that icaritin, icariin I, and icariin II enhanced NF-κB activity and stimulated SEAP secretion through TLR7/8 activation.Keywords: Epimedium flavonoids, immunostimulatory activity, vaccine adjuvant, TLR7, TLR8
1 INTRODUCTION
Vaccination is one of the most effective strategies for preventing and treating infectious diseases (Goff et al., 2015). The primary objective of vaccination is to elicit a robust and targeted immune response that provides long-lasting protection against infection. Additionally, it aims to stimulate the immune system to develop adaptive immunity against pathogens (Verma et al., 2023). Early vaccine formulations were often impure and contained extraneous antigens, which compromised their effectiveness. The advent of recombinant DNA technology and synthetic chemistry has facilitated the production of highly purified antigens (Liu X. et al., 2021), allowing for a more precise and targeted immune response. However, a major drawback of vaccines composed solely of purified antigens is their reduced immunogenicity (Chilamakuri and Agarwal, 2021). As a result, these antigenic formulations often require the inclusion of adjuvants to enhance immunogenicity and elicit a protective immune response (Takahama and Yamamoto, 2020).
Adjuvants are employed to enhance and modulate the immunogenicity of vaccines without directly inducing a specific immune response (Chen H. et al., 2024). Most subunit vaccines rely on adjuvants to enhance their efficacy; however, the development of novel adjuvants has progressed relatively slowly. To date, only a limited number of adjuvants have been approved for human use (Liu T. et al., 2021). Researchers are actively exploring more effective adjuvants with reduced adverse effects, improved ease of synthesis, and lower production costs (Wei et al., 2023). In this context, scientists have recently been investigating the potential of natural adjuvants, including traditional Chinese herbs.
Traditional Chinese herbal remedies contain a diverse array of bioactive compounds, including flavonoids, glycosides, polysaccharides, acids, terpenes, polyphenols, and alkaloids (Zebeaman et al., 2023). Among these, flavonoids represent a significant class of bioactive compounds with a broad spectrum of pharmacological activities, most notably their immunomodulatory effects. In traditional Chinese medicine, flavonoids regulate the immune system by binding to various receptors on immune cells and activating distinct signaling pathways. The host immune system recognizes microorganisms, including viruses, bacteria, and fungi, primarily through the detection of conserved molecular structures known as pathogen-associated molecular patterns (PAMPs).
Epimedium is one of the most well-known Chinese medicinal herbs, first documented in the Shenlong Materia Medica between the 2nd and 3rd centuries CE (Wang, 2021). With a long history of clinical application, Epimedium has been traditionally used to reinforce kidney function and invigorate Yang in traditional Chinese medicine. However, the complexity of interactions among its various components has made it challenging to determine a precise safe dosage, despite previous evidence supporting its safety. This thesis primarily focuses on the screening and analysis of flavonoids present in Epimedium, including icariin, icaritin, icariin I, icariin II, Epimedin A, Epimedin B, Epimedin C, and other related compounds (Zhang et al., 2020).
Pattern recognition receptors (PRRs) are germline-encoded receptors that detect pathogen-associated molecular patterns (PAMPs), serving as key upstream regulators of the immune response. Upon pathogen infection, PRRs activate innate immune signaling pathways and induce immune responses, playing a critical role in the initiation of innate immunity (Kawasaki and Kawai, 2014). Based on their structural and functional characteristics, pattern recognition receptors (PRRs) are classified into six families: Toll-like receptors (TLRs), C-type lectin receptors (CLRs), NOD-like receptors (NLRs), RIG-I-like receptors (RLRs), AIM2-like receptors (ALRs), and other receptors (OLRs) (Howard et al., 2022). This paper focuses on the roles of TLR7 and TLR8, which specifically recognize distinct RNA sequences and are functionally localized within endosomes (Wang et al., 2021). Studies conducted in 2011 demonstrated the pivotal role of TLR7 and TLR8 in initiating both innate and adaptive immune responses. These highly conserved proteins interact with a variety of small molecules and nucleic acids. Activation of TLR7/8 plays a crucial role in protecting the host from invading pathogens while enhancing the overall immune response (Huang et al., 2021). However, sustained TLR7/8 signaling can result in an exaggerated immune response, potentially contributing to chronic inflammation and autoimmune disorders (Singh et al., 2014). Therefore, agonists and antagonists targeting the TLR7/8 pathway represent promising therapeutic candidates for the treatment of immune-related diseases (Sun et al., 2022).
TLR7 and TLR8 play pivotal roles in the acquired immune response, and their structural and functional similarities have attracted considerable attention. Ligand binding to TLR7 and TLR8 triggers the activation of NF-κB signaling, leading to the production of pro-inflammatory cytokines and type I interferons (IFNs). These immune mediators enhance the bactericidal activity of leukocytes and promote the maturation and function of antigen-presenting cells (APCs), thereby orchestrating the acquired immune response. A review of the literature suggests that most immunomodulatory drugs of natural origin are polysaccharides, which are characterized by their large molecular structures. While small-molecule compounds with immunomodulatory activity have garnered increasing attention, their initial recognition by pattern recognition receptors and mechanisms of action remain relatively unexplored (Deng et al., 2014). Most of these small molecules are either synthetic drugs or nanomaterials, with relatively few derived from natural products. Investigating the interactions between small-molecule compounds extracted from Epimedium and TLR7/8 could enhance our understanding of small-molecule immunomodulation and provide new insights into the immunoregulatory role of traditional Chinese medicine.
2 MATERIALS AND METHODS
2.1 Materials and reagents
RAW 264.7 macrophages and 293T cells were purchased from Procell (Wuhan, China). Dulbecco’s Modified Eagle Medium (DMEM), RPMI-1640 culture medium, phosphate-buffered saline (PBS), penicillin-streptomycin solution, and tryspin were obtained from Gibco Life Technologies (Waltham, MA, United States). Fetal bovine serum (FBS) was sourced from Cytiva (Shanghai, China). The tested compounds were purchased from Yuanye Bio-Technology Co., Ltd (Shanghai, China). Fluorophore-conjugated antibodies, including PE-CD40, PE-CD80, PE-CD86, PE-MHC-I, PE-MHC-II and PE-CD11c were acquired from Thermo Fisher Scientific (Waltham, MA, United States) and eBioscience (San Diego, CA, United States), IL-4 and IFN-γ enzyme-linked immunosorbent assay (ELISA) were obtained from Universal Biotech Co., Ltd (Shanghai, China). ELISA kits for IL-6, TNF-α, MIP-1α, and MCP-1 were purchased from NeoBioscience Technology Co., Ltd (Shanghai, China). For molecular assays, StarScript III RT kit and 2×RealStar Fast SYBR qPCR Mix were sourced from GenStar (Beijing, China). And the pNF-κB/SEAP kit was obtained from Novus Biologicals (Colorado, United States). Immunoglobulin antibodies (IgG, IgG2a, IgG2b, IgG1, IgG3 and IgE) were sourced from Abcam (Hong Kong, China).
2.2 Cell culture
RAW 264.7 and 293T-cell were cultured in DMEM medium supplemented with 10% FBS, 100 μg/mL streptomycin, and 100 units/mL penicillin at 37°C in a 5% CO2 incubator.
2.3 Cell viability
RAW 264.7 cells were seeded in 96-well plate at a density of 1 × 105 cells/well and incubated for 24 h. After removing the old medium, 100 μL of Epimedium flavonoids at varying concentrations (10, 20, 30, 40 μM) was added to each well, followed by incubation for an additional 24 h. Subsequently, 10 μL of MTT solution (5 mg/mL) was added to each well and incubated for 4 h. 100 μL of DMSO was added to dissolve the formazan crystals and absorbance was measured at 550 nm using a microplate reader.
2.4 Flow cytometry
RAW 264.7 cells were seeded in a 12-well plate at a density of 2.5 × 105 cells/well and incubated for 24 h. After removing the old medium, 20 μM Epimedium flavonoids were added to each well and incubated for another 24 h. IFN-γ (30 ng/mL) was used as a positive control. The cells were then washed three times with PBS. Subsequently, cells were incubated with 100 μL of 0.05% BSA containing PE-CD80, PE-CD86, PE-CD40, PE-MHC-I, and PE-MHC-II for 30 min. After incubation, the cells were washed 2–3 times with PBS and analyzed by flow cytometry.
2.5 The mRNA isolation and qRT-PCR
RAW 264.7 cells were seeded in a 6-well plate at 5 × 105 cells/well and incubated at 37°C for 24 h. The cells were then treated with 20 μM icaritin, icariin I, icariin II for an additional 24 h. LPS (2 μg/mL) was used as positive control. Following Trizol lysis, total RNA was extracted and reverse transcribed into cDNA. qRT-PCR was performed to quantify the expression of inflammatory factors, with all data normalized to the control group. Relative mRNA expression was determined using the 2−ΔΔCT method.
2.6 BMDCs and flow cytometry
Bone marrow cells were isolated from the femur of 6-8-week-old C57BL/6 mice and differentiated into BMDCs using GM-CSF (20 ng/mL) and IL-4 (10 ng/mL). Immature BMDCs were harvested on day 7. BMDCs were seeded in a 12-well plate at 1 × 106cells/well and treated with 20 μM icaritin, icariin I, icariin II for 24 h. LPS (2 μg/mL) served as positive control. Cells were then incubated with PE-CD11c, PE-CD40, PE-CD80, PE-CD86, PE-MHC-I and PE-MHC-II at 4 °C in the dark, followed by flow cytometry analysis.
2.7 Animal experiments and materials
2.7.1 Animals
BALB/c mice were purchased from Zhuhai BesTest Bio-Tech (Zhuhai, China). Adult mice were housed in a controlled laboratory environment at 23°C ± 1°C with a 12 h light/dark cycle (lights on at 07:00 AM). Mice had ad libitum access to food and water.
2.7.2 Animal grouping and administration
A total of 48 female BALB/c mice (6–8 weeks old) were randomly assigned to one of eight experimental groups: normal saline (NS), OVA group, water-in-oil adjuvant, complete Freund’s adjuvant (CFA), aluminum salt adjuvant, icaritin (20 mg/kg), icariin I (20 mg/kg), icariin II (20 mg/kg). After 7 days of acclimation, mice were immunized once, followed by two additional immunizations every 14 days, totaling three immunizations. Body weight was recorded weekly. Prior to each immunization, 200–300 μL of blood was collected from the tail tip, and 42 days after the first immunization, blood was collected via retro-orbital bleeding. The mice were then euthanized, and the heart, liver, spleen, lungs, and kidneys were harvested for further analysis.
2.7.3 Serum antibody titration test
A 100 μL OVA antigen solution (1 mg/mL) was added to the plate and incubated overnight at 4°C. The next day, diluted serum samples were added and incubated at 37°C for 1 h, followed by plate sealing. Subsequently, secondary antibodies (IgG, IgG1, IgG2a, IgG2b, IgG3, IgE) were respectively added and incubated at 37°C for 1 h. TMB substrate solution was then added and incubated in the dark at room temperature for 15–30 min. Finally, absorbance was measured at 450 nm to complete the experiment.
2.7.4 Lymphocyte proliferation and cytokines detection in mouse spleen
The mice were dissected under sterile conditions, the spleens were removed and weighed. The spleens were homogenized and centrifuged, after which the supernatant was discarded. Spleen cells were obtained by resuspending in 1,640 medium, and the cell concentration was adjusted to 5 × 106cells/mL. For the proliferation assay, 100 μL/well of the spleen cell suspension was seeded into 96-well plates, and the experimental groups were stimulated with 5 μg/mL ConA, 10 μg/mL LPS, or 40 μg/mL OVA, respectively. For cytokine analysis, 500 μL of spleen cells was inoculated into 48-well plates, with the experimental group stimulated with 40 μg/mL OVA and the control group treated with PBS. After 48 h of incubation, spleen cell proliferation and cytokine secretion were assessed using CCK-8 and ELISA.
2.7.5 Pathological tissue analysis
The hearts, livers, spleens, lungs, and kidneys of the mice were excised and fixed in 4% paraformaldehyde. Then tissues were paraffin-embedded, sectioned, and stained with hematoxylin-eosin (HE). Subsequently, the stained sections were examined under microscopes at various magnifications and photographed for documentation.
2.8 Molecular biology
2.8.1 Computer simulation of molecular docking
Molecular docking experiments were performed using MOE software, where the three molecules icaritin, icariin I, and icariin II were analyzed. TLR7 and TLR8 were selected as the receptor proteins for docking calculations.
2.8.2 Protein expression and purification
Using Snap Gene software, five pairs of primers were designed based on the vector and gene sequence (Supplementary Table S1). The synthesized gene served as a template for amplification. The TLR7 and TLR8 genes were cloned into pMAL-p5x, pMAL-c5x and pGEX-2T vectors via homologous recombination. The recombinant vectors were introduced into Escherichia coli to facilitate the expression of the Toll-like receptor 7/8 (TLR7/8) proteins in the supernatant. Subsequently, the TLR7/8 proteins were isolated and purified.
2.8.3 Surface plasmon resonance (SPR)
The affinity of recombinant mouse TLR7 and TLR8 proteins for 80 μM of the small molecules Resiquimod, icaritin, icariin I, and icariin II was assessed using a Biacore S200 system.
2.9 NF-κB/SEAP assay
During the logarithmic growth phase, HEK 293T cells were seeded at a density of 1 × 105 cells per well in a 12-well plate. After 24 h, the cells were transfected with pcDNA3.1-TLR7, pcDNA3.1-TLR8 and p-NF-κB/SEAP plasmids. Following an additional 24 h incubation, the cells were treated with icaritin, icariin I and icariin II. After another 24 h, the supernatant was collected, and SEAP secretion was measured to evaluate its activity.
2.10 Statistical analysis
Statistical analysis was performed using Prism 10 software (GraphPad, San Diego, CA, United States), and results were expressed as mean ± SD. Differences among experimental groups were assessed using one-way ANOVA, followed by either the least significant difference (LSD) test or Dunnett’s T3 post hoc test. Statistical significance was set at p < 0.05.
3 RESULTS
3.1 Effect of Epimedium flavonoids on cell viability and expression of surface co-stimulatory molecules and histocompatibility complexes in RAW 264.7 macrophages
The results indicated that none of the seven selected Epimedium flavonoids exhibited toxic or adverse effects on RAW 264.7 cells at a concentration of 20 μM. However, at concentrations of 30 μM and 40 μM, icariin I and icariin II induced mild cytotoxic effects on RAW 264.7 cells. Notably, icariin II caused nearly 50% cell death at 40 μM (Figure 1). To ensure the safety and consistency of subsequent experiments, the concentration of Epimedium flavonoids was uniformly set to 20 μM for all cell assays.
[image: Figure 1]FIGURE 1 | Effect of Epimedium flavonoids on cell viability of RAW 264.7 cells. Cell viability was assessed 24 h after compounds treatment in RAW 264.7 cells. The experiment was repeated three times for consistency. Statistical analyses were performed using one-way ANOVA, followed by Tukey’s multiple comparisons test to adjust for multiple comparisons. All data are expressed as mean ± SD (n = 3). Statistical significance is indicated as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, compared with the control group.
Macrophages are unique in that they function as both innate immune cells and professional antigen-presenting cells (APCs). Upon stimulation, macrophages upregulate the expression of antigen-presenting proteins on their cell surface, including major histocompatibility complex (MHC) molecules (MHC-I and MHC-II) and co-stimulatory molecules (CD40, CD80 and CD86).
Flow cytometry was used to evaluate the expression levels of co-stimulatory molecules and major histocompatibility complex (MHC) molecules on the surface of RAW 264.7 cells following drug treatment. As depicted in Figure 2, Epimedium flavonoids enhanced the expression of co-stimulatory molecules and MHC molecules. Specifically, icaritin, icariin I and icariin II significantly increased the expression levels of MHC-I, MHC-II, CD40, CD80 and CD86. Notably, icariin II induced MHC-I and MHC-II expression was comparable to that of the positive control, LPS. The effect of icariin I was less pronounced than expected, possibly due to its larger molecular weight, which may affect its cellular absorption. Based on these findings, icaritin, icariin I and icariin II were selected for further investigation.
[image: Figure 2]FIGURE 2 | Effects of Epimedium flavonoids on the maturation of RAW 264.7 cells. Cell was assessed 24 h after compounds treatment in RAW 264.7 cells. The experiment was repeated three times for consistency. (A–C). Effects of Epimedium flavonoids on the expression of CD40, CD80, and CD86, and (D, E) effects on MHC-I and MHC-II in RAW 264.7 cells, as detected by flow cytometry. RAW264.7 cells were gated on size and complexity using a two-dimensional FSC vs. SSC plot, then assessed for MHC-I, MHC-II, CD40, CD80 and CD86. Statistical analyses were performed using one-way ANOVA, followed by Tukey’s multiple comparisons test to adjust for multiple comparisons. All data are expressed as mean ± SD (n = 3). Statistical significance is indicated as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, compared with the control group.
3.2 The expression of costimulatory molecules in BMDCs induced by icaritin, icariin I and icariin II
Antigen-presenting capability is a key metric for evaluating the efficacy of adjuvants. CD11c serves as a molecular marker for dendritic cells (DCs), while MHC-I, MHC-II, CD80, CD86 and CD40 are crucial indicators of antigen presentation in DCs. The results demonstrated that icaritin, icariin I and icariin II enhanced the expression of CD86 and MHC-II in mouse BMDCs. However, they did not significantly increase the expression of CD40, CD80 and MHC-I (Figure 3). This may be attributed to the role of CD80, which is associated with the persistence and expansion of later T cell responses (Damoiseaux et al., 1998), whereas CD86 plays a critical role in the early T cells co-stimulation, often determining T cell activation (Leifeld et al., 1999; Van Gool et al., 1996). Notably, icariin II elevated CD86 expression to a level even exceeding that of the positive control, LPS. These findings suggest that Epimedium flavonoids can promote the maturation and activation of BMDCs. In summary, icaritin, icariin I, and icariin II promote the maturation and activation of various cell lines, enhance antigen-presenting cell activation, and exhibit immunomodulatory effects. Further studies are needed to elucidate the specific immunological mechanisms and explore their potential role in activating antigen-presenting cells (APCs) through the TLR7/8 pathway.
[image: Figure 3]FIGURE 3 | Effects of icaritin, icariin I and icariin II on the maturation of BMDCs. Cell was assessed 24 h after compounds treatment in BMDCs. The experiment was repeated three times for consistency. (A–C) Effects of Epimedium flavonoids on the expression of CD40, CD80, and CD86, and (D, E) effects on MHC-I and MHC-II in BMDCs, as assessed by flow cytometry. BMDCs cells were selected using a two-dimensional FSC vs. SSC plot, followed by gating on CD11c for DCs. Then assessed for MHC-I, MHC-II, CD40, CD80 and CD86. Statistical analyses were performed using one-way ANOVA, followed by Tukey’s multiple comparisons test to adjust for multiple comparisons. All data are presented as mean ± SD (n = 3). Statistical significance is indicated as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, compared with the control group.
3.3 The expression of proinflammatory cytokines and chemokines mRNA levels in RAW 264.7 cells induced by icaritin, icariin I and icariin II
Cytokines and chemokines are essential for immune system function, playing a crucial role in the recruitment and activation of immune cells. As shown in Figure 4, icariin II significantly upregulated the mRNA levels of IL-6, IL-12, TNF-α, MIP-1α, MCP-1 and COX-2 in RAW 264.7 cells. Icariin I increased the mRNA levels of TNF-α and COX-2 in RAW 264.7 cells. In contrast, icaritin did not enhance the mRNA expression of pro-inflammatory cytokines and chemokines.
[image: Figure 4]FIGURE 4 | Icaritin, icariin I, icariin II induces an inflammatory response in RAW 264.7 cells. Cell was assessed 24 h after compounds treatment in RAW 264.7 cells. The experiment was repeated three times for consistency. The mRNA levels of IL-1β, IL-6, IL-12, TNF-α, MIP-1α, MCP-1, iNOS and COX-2 in RAW 264.7 cells were examined by qRT-PCR. Statistical analyses were performed using one-way ANOVA, followed by Tukey’s multiple comparisons test to adjust for multiple comparisons. All data are presented as mean ± SD (n = 3). Statistical significance is indicated as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, compared with the control group.
3.4 The expression levels of proinflammatory cytokines and chemokine proteins in RAW 264.7 cells induced by icaritin, icariin I and icariin II
Macrophages secrete pro-inflammatory cytokines that enhance T cell responses. To evaluate the effects of Epimedium flavonoids on the protein expression of pro-inflammatory cytokines and chemokines in RAW 264.7 cells, the concentrations of these factors in the cell culture supernatant were measured using ELISA kits. As illustrated in Figure 5, icariin Ⅱ significantly increased the secretion levels of IL-6, TNF-α, MIP-1α and MCP-1, which aligns with the qRT-PCR results. Icariin I did not induce a high level of IL-6 protein secretion, a finding consistent with the qRT-PCR results. However, it significantly increased the secretion levels of TNF-α, MIP-1α and MCP-1. Similarly, icaritin also led to a significant increase in the secretion levels of IL-6, TNF-α, MIP-1α and MCP-1. In comparison to the qRT-PCR results, both icaritin and icariin I exhibited discrepancies in secretion patterns, suggesting potential post-transcriptional regulation or translational inefficiencies following treatment with icaritin and icariin I.
[image: Figure 5]FIGURE 5 | Icaritin, icariin I, icariin II induced an inflammatory response in RAW 264.7 cells. The protein expression levels of (A) IL-6, (B) TNF-α, (C) MIP-1α and (D) MCP-1 in RAW 264.7 cells were evaluated by ELISA. Statistical analyses were performed using one-way ANOVA, followed by Tukey’s multiple comparisons test to adjust for multiple comparisons. Values are expressed as mean ± SD (n = 3). Statistical significance is indicated as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, compared with the control group.
3.5 The immunoenhancing activity of icaritin, icariin I and icariin II in vivo
3.5.1 IgG antibody titer
To evaluate the systemic immune response, the OVA-specific immunoglobulin antibody titer (IgG) antibody titer was measured in mouse serum collected 14 days after each immunization.
As shown in Figure 6A, the water-in-oil emulsifier group exhibited a significantly stronger immune effect than the group receiving direct OVA antigen injection. Although both the CFA group and the Epimedium flavonoid oil emulsion adjuvant groups had higher antibody titers than the oil emulsion adjuvant group without the compound, the differences were not statistically, warranting further investigation.
[image: Figure 6]FIGURE 6 | Serum levels of antigen-specific IgG isoforms in mice after immunization. (A) Total IgG levels after three immunizations (B–E) Serum levels of antigen-specific IgG subtypes (IgG2a, IgG2b, IgG1 and IgG3) after the third immunization, detected by ELISA. (F) Serum levels of IgE after three immunizations, measured by ELISA. Statistical analyses were performed using one-way ANOVA, followed by Tukey’s multiple comparisons test to adjust for multiple comparisons. Values are expressed as mean ± SD (n = 6). Normal saline is NS. Statistical significance is indicated as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, compared with the OVA group. ####p < 0.0001, ###p < 0.001, ##p < 0.01, #p < 0.05, compared with the CFA group.
Subsequently, immune response types were partially characterized. As shown in Figures 6B–E, both the CFA group and Epimedium flavonoid oil emulsion adjuvant group significantly increased the IgG1, IgG2a, IgG2b and IgG3 antibody titers, indicating that Epimedium flavonoids could induce robust Th1 (IgG2a, IgG2b and IgG3) and Th2 (IgG1) immune responses. In contrast, the aluminum salt adjuvant group only promoted IgG1 titers, suggesting an induced Th2 immune response (Howard et al., 2022).
Additionally, antigen-specific IgE antibody levels induced by each vaccine group were examined, as shown in Figure 6F. With the exception of the CFA and aluminum adjuvant groups, no increase in IgE antibody levels was observed in the other groups. Since IgE is associated with allergic reactions, these findings suggest that icaritin, icariin I, and icariin II are unlikely to trigger allergic responses.
3.5.2 Proliferation of mouse splenic lymphocytes and cytokine secretion levels
Different cytokine types serve as indicators of Th1 or Th2 biased immune responses. The immune function of T cells was evaluated by analyzing the expression of OVA-specific cytokines in splenic cells. As shown in Figure 7A, the stimulation indices of T lymphocytes, B lymphocytes and total lymphocytes in the icaritin, icariin I and icariin II vaccine group were significantly higher than those in the saline and adjuvant-free groups. Furthermore, the icaritin, icariin I and icariin II vaccine groups significantly enhanced the secretion levels of both IFN-γ and IL-4, with IFN-γ and IL-4 secretion levels in the icariin group comparable to those in the CFA group (Figure 7B). The cytokine secretion results were consistent with the IgG antibody subtype analysis, further indicating that icaritin, icariin I, and icariin II can induce robust Th1 and Th2 immune responses (Shen et al., 2022).
[image: Figure 7]FIGURE 7 | Analysis of splenocytes after the third immunization. (A) Spleen organ index (B) T-lymphocyte (C) B-lymphocyte and (D) lymphocyte. Secretion levels of (E) IFN-γ and (F) IL-4 were detected by ELISA. Statistical analyses were performed using one-way ANOVA, followed by Tukey’s multiple comparisons test to adjust for multiple comparisons. Values are expressed as mean ± SD (n = 3). Statistical significance is indicated as follows: ****p < 0.0001 ***p < 0.001 **p < 0.01 *p < 0.05, compared with the OVA group.
3.5.3 Pathological tissue analysis
During the experiment, mice in the CFA group exhibited significant swelling at the injection site after immunization, whereas no such swelling was observed in the other groups. To evaluate in vivo toxicity, pathological tissue analysis was performed after three immunizations. As shown in Figure 8, inflammatory cell infiltration was observed in the heart, liver, lungs and kidneys of CFA treated mice. In contrast, no significant differences were noted in these organs in the other groups compared to the saline group. These findings suggest that the effective doses of icaritin, icariin I and icariin II did not cause damage to major tissues and organs in mice.
[image: Figure 8]FIGURE 8 | HE staining of major organs of mice after the third immunization. Scale bar = 1 mm, magnification = ×20. Arrows and circles in the figure indicate tissue damage caused by inflammatory cell infiltration (n = 4).
3.6 Molecular docking simulation using computers
Computer-simulated molecular docking is a widely used technique for identifying potential targets of compounds and accelerating the screening process for specific molecules. This approach employs flexible and semi-flexible docking methods to evaluate interaction forces between receptors and ligands, thereby predicting the binding modes and affinities of receptor-ligand complexes.
As shown in Supplementary Figures S7–S12, the findings indicate that TLR7 and TLR8 exhibited the strongest interactions with icaritin, icariin I, and icariin II. These interactions were primarily mediated through hydrogen bonding.
3.7 The interaction between TLR7 and TLR8 proteins with resiquimod, icaritin, icariin I and icariin II molecules
SPR analysis demonstrated that the pattern recognition receptors (PRRs) targeted by Epimedium flavonoids were TLR7 and TLR8. As show in Supplementary Figure S13, icariin I (43 RU) and icariin II (50 RU) exhibited the highest response values with TLR8 protein, with icariin Ⅱ displaying the strongest binding affinity to TLR8 (KD8 = 1.03 × 10−5 M).
3.8 NF-κB/SEAP assay
Secreted placental alkaline phosphatase (SEAP) is a recombinant form of placental alkaline phosphatase used as a reporter for gene function analysis. It is commonly employed to study promoter activity and gene expression in cell cultures and animal sera. NF-κB, a key transcription factor, regulates genes involved in both innate and adaptive immune responses. The activation or inhibition of the NF-κB promoter can be modulated by specific ligands or inhibitors. TLR7/8 ligands activate NF-κB, leading to increased SEAP expression (Caballero et al., 2013; Bender et al., 2020), which is used to evaluate ligand binding to TLR7/8. Resiquimod (R848) exerts immunomodulatory and anti-tumor effects primarily by activating TLR7 and TLR8 on innate immune cells. Therefore, R848 (30 µM) was used as a positive control in this study.
As shown in Figure 9A, compared with the NF-κB/SEAP group, the NF-κB/SEAP + TLR7 group, Resiquimod group, icaritin group and icariin Ⅰ group all showed significant differences, suggesting that the TLR7 and NF-κB/SEAP plasmids were successfully transfected and can be stably expressed. However, compared with the NF-κB/SEAP + TLR7 group, only the icaritin group exhibited a significant difference, while the icariin Ⅰ group and icariin Ⅱ did not. This indicates that icaritin can stimulate SEAP secretion by activating the signaling pathway mediated by TLR7, effectively enhancing the activity of NF-κB.
[image: Figure 9]FIGURE 9 | Effects of Epimedium flavonoids on SEAP Secretion in Cell supernatants following overexpression of TLR7 and TLR8. Cell was assessed 24 h after compounds treatment in 293T cells. The experiment was repeated three times for consistency. (A) TLR7 overexpression. (B) TLR8 overexpression. Statistical analyses were performed using one-way ANOVA, followed by Tukey’s multiple comparisons test to adjust for multiple comparisons. Values are expressed as mean ± SD (n = 3). Significant differences are indicated as follows: ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, compared with the NF-κB/SEAP group; ####p < 0.0001, ###p < 0.001, ##p < 0.01, #p < 0.05, compared with the NF-κB/SEAP + TLR7 group or NF-κB/SEAP + TLR8 group.
Furthermore, as shown in Figure 9B, the experimental results also demonstrated that, following the overexpression of TLR8 and NF-κB/SEAP, icariin II can remarkably enhance the expression of SEAP. This indicates that icariin Ⅱ can stimulate SEAP secretion by activating the signaling pathway mediated by TLR8 and effectively enhancing the activity of NF-κB.
In conclusion, icaritin was able to specifically interact with TLR7, while icariin II specifically interacted with TLR8. Both compounds activated the downstream NF-κB signaling pathway (Piras and Selvarajoo, 2014), consequently promoting the secretion of SEAP. Therefore, icaritin, icariin I, and icariin II can activate the TLR7/8-NF-κB pathway. Combined with the molecular docking and SPR results discussed earlier, it can be concluded that icaritin, icariin I, and icariin II likely bind to TLR7/8 receptors, leading to the activation of APCs.
4 DISCUSSION
Vaccines are among the most effective measures for preventing infectious diseases, and vaccine adjuvants play a crucial role in enhancing their efficacy. Adjuvants amplify the immune response against specific antigens present in vaccines (Pulendran et al., 2021). RAW 264.7 and DCs are common APCs responsible for initiating and regulating both innate and adaptive immune responses. Upon detecting PAMPs or other danger signals, immature RAW 264.7 and DCs upregulate the expression of co-stimulatory molecules and adhesion molecules such as MHC-I, MHC-II, CD40, CD80 and CD86, facilitating their maturation. Fully mature DCs also secrete various cytokines, including IL-6 and TNF-α, further modulating the immune response.
In vitro activity studies revealed that Epimedium flavonoids significantly enhanced the expression of co-stimulatory molecules, MHC-I and MHC-II, while also promoting the expression and secretion of pro-inflammatory cytokines and chemokines, including IL-6, TNF-α, MIP-1α and MCP-1. In vivo studies demonstrated that mice immunized with Epimedium flavonoids exhibited high levels of total IgG antibodies in their serum, with antibody levels increasing over time and significantly elevating IgG1, IgG2a, IgG2b and IgG3 antibody titers. These findings indicate that Epimedium flavonoids can induce robust Th1 (IgG2a, IgG2b and IgG3) and Th2 (IgG1) immune responses. Splenocyte experiments futher confirmed the production of Th1- and Th2-related cytokines, with IFN-γ levels being significantly higher than IL-4, indicating a stronger Th1-biased response. Additionally, recombinant plasmids encoding TLR7 and TLR8 were constructed and overexpressed in 293T cells. NF-κB/SEAP asssays confirmed that Epimedium flavonoids exert their immunomodulatory effects through the TLR7/8 pathway. Finally, this study successfully expressed mouse TLR7 and TLR8 proteins using prokaryotic expression systems and confirmed via SPR technology that the PRRs targeted by Epimedium flavonoids are indeed TLR7 and TLR8.
In conclusion, icaritin, icariin I and icariin II can recognize receptors through TLR7/8 pattern and exert immunomodulatory effects both in vivo and in vitro models. Furthermore, they do not cause tissue damage at safe concentrations.
Icaritin, icariin I and icariin II were compared with TLR7/8 agonists imiquimod, resiquimod. Although they are among the most extensively studied TLR7/8 agonists, they exhibit certain limitations. For instance, imiquimod specifically targets TLR7 but is largely ineffective in murine models, and its immunostimulatory capacity is relatively weak. Resiquimod, while capable of activating both TLR7 and TLR8 in humans, lacks activity toward murine TLR8, making it challenging to accurately model its effects in mice. Moreover, due to its high potency, resiquimod may induce cytotoxicity and even trigger excessive immune responses such as cytokine storms (Dockrell and Kinghorn, 2001).
In contrast, icaritin, icariin I, and icariin II, as natural compounds derived from traditional Chinese medicine, exhibit favorable biosafety profiles and broader therapeutic windows (Yong et al., 2021). When administered subcutaneously in mice, these compounds do not induce noticeable local inflammatory responses such as redness, swelling, or pain, indicating good tolerability. More importantly, they demonstrate a strong affinity for both TLR7 and TLR8, effectively activating immune signaling pathways while eliciting relatively mild immune reactions. These characteristics suggest promising potential for their application as novel, safe, and effective immunomodulatory agents.
These findings provide theoretical support for the development of Epimedium as an immunomodulatory agent and offer insights into vaccine adjuvant research. Additionally, this study contributes to futher investigations into Epimedium, a prominent traditional Chinese herbal medicine. In recent years, cancer immunotherapy has become a hot research topic, particularly in the development of TLR7/8 immunomodulators. The Epimedium flavonoid compounds mentioned in this study—icaritin, icariin I, and icariin II—have drawn our attention due to their potential role as TLR7/8 modulators and their anticancer activity. Epimedium flavonoid compounds exhibit diverse biological activities, including direct anticancer effects, such as inhibiting tumor proliferation, promoting apoptosis, and suppressing tumor cell invasion and metastasis (Chen Y. et al., 2024; Ding et al., 2024). Additionally, these compounds can modulate the tumor microenvironment (TME) by reducing M2 polarization of tumor-associated macrophages (TAMs), increasing CD8+ T cell infiltration, and enhancing antitumor immune responses.
TLR7/8 immunomodulators activate dendritic cells (DCs), promoting antigen presentation and enhancing T cell responses, particularly by increasing CD8+ T cell activity (Zhou et al., 2022). They exert antitumor effects via IFN-γ and IL-12-mediated mechanisms, altering the tumor microenvironment (TME), promoting M1 macrophage polarization, and suppressing M2 pro-tumor macrophages (Michaelis et al., 2019). Moreover, when combined with immune checkpoint inhibitors (ICIs), TLR7/8 agonists can improve the immune microenvironment of “cold” tumors (low T cell infiltration), making them more responsive to PD-1/PD-L1 therapies (Smits et al., 2008).
According to our study, icaritin, icariin I, and icariin II are potential TLR7/8 immunomodulators. As natural products, they may offer advantages over conventional TLR7/8 agonists like R848, potentially exhibiting lower toxicity and higher bioavailability (Singh et al., 2014). Therefore, exploring Epimedium flavonoids as TLR7/8 immunomodulators for anticancer applications holds great promise—not only for their direct tumor-inhibitory effects but also for their ability to modulate the tumor microenvironment, enhance antigen presentation, and activate systemic antitumor immunity.
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Forward primer(5'-3')

5'GAGCTACGAGCTGCCTGACGS'
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5'TGGTCTCGTGTTCTCTGTTCT3!

5'GCCACAATCCGGGCAATCT3'






OPS/images/fphar-16-1480844/fphar-16-1480844-t002.jpg
Gene name Forward primer(5'-3) Reverse primer(5'-3')

B-Actin 5'GAGCTACGAGCTGCCTGACGS' | SGTAGTTTCGTGGATGCCACAGY
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JAK2 5'GGAATGGCCTGCCTTACAATGS' 5'TGGCTCTATCTGCTTCACAGAAT3'
STATI 5'GCTGCCTATGATGTCTCGTTTS! 5'TGCTTTTCCGTATGTTGTGCTS'

STAT3 5'AGAACCTCCAGGACGACTTTG3' 5'TCACAATGCTTCTCCGCATCT3!
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