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“It takes a very long time to become young.”
-Pablo Ruiz Picasso (1881-1973)
Age is a kaleidoscope of identity. It mirrors a number, a malady, a development, an insult and … even a compliment. In all dimensions of time, age reflects the fine balance between adaptability and integrity. Our first volume on Streaming Inflammation deemed every human as a multiplex of ecosystems (Devchand et al.). Here, we explore the impacts of damage, healing and resilience on the plasticity of identity as we age.
Longitudinal studies emphasize that identity is fluid. Sayah et al. demonstrate how optical coherence tomography imaging coupled with an automated segmentation algorithm can be applied to study dynamic cellular responses during eye development. This non-invasive method coupled with selective-receptor modulation during oxygen-induced retinopathy provides a powerful approach to understanding retinopathy of prematurity in small rodents. In humans, using real-world dynamics of the JIR cohort of patients with pediatric inflammatory diseases, Hentgen et al. tackle the dosing regiment of off-label use of Interleukin-1 inhibitors. Interestingly, in patients with a monogenic auto-inflammatory disease, the actual-doses used in treat-to-target data present an adaptive comparison with that of recommended drug dosage of the medications.
Although identity is personal, what we share in common also provides for targeted intervention in promoting healing. Hickey et al. take a computational approach to the chronic inflammation component of complex diseases. Innovatively applying GenePlexus supervised machine learning, they depict disease heterogeneity into gene clusters of disease-specific chronic inflammation. This facilitates imputing drug priority per disease cluster and identifying potential novel therapeutics. Meanwhile, Skaria et al. toggle Wnt-5A signaling to evaluate pharmacokinetics mediated by damage from innate immune responses on primary human coronary artery endothelial cells. Using transcriptomics and gene ontology analysis, they zone in on the potential need to reflect on the drug-metabolizing cytochrome P450 enzymes, specifically Cyp1A1/Cyp1B1.
Lipid mediators are potent instigators of change in identity. Yamaguchi et al. review the dynamics of bioactive lipids in the blood and vascular wall. The biosynthesis and mechanistic signaling are critically discussed in context of pro- and anti-inflammation. Bergqvist et al. developed a semi-high throughput bioassay measuring prostaglandin E2 production and IL-8 secretion from whole human blood. Interestingly, this study focus is on key epigenetic modulators and kinase inhibitors within the Structural Genomic Consortium, and aims to identify chemical probes that potentially trigger resolution of chronic inflammation.
Throughout life, the bone is a hub of remodeling of identity. Kalkar et al. focus on the interplay between immune cells and osteoclasts. They reveal an intriguing interplay between a nitrogen-containing bisphosphonate and a glucocorticoid that intersects at interferon-ß expression to inhibit osteoclastogenesis. This work has potential implications on prevention of osteolytic lesions post-chemotherapy.
Dietary intervention of immune activity is a universal story of age. In a didactic exercise, Wang et al. review the concept of trained immunity in atherosclerosis from perspective of metabolic reprogramming, epigenetic reprogramming and promotion of myelopoieisis progenitors. Substantive emphasis is placed on natural products that potentially have anti-atherosclerotic abilities via trained monocytes/macrophages. In a different tact, Zhou et al. focus their computational efforts on patients with rosacea. They zone in on an association between keratinocyte autophagy and the mammalian target of rapamycin (mTOR) pathway. After confirming this relationship in a mouse model, they use molecular docking analyses to pinpoint the natural polyphenol EGCG as a candidate lead for mTOR-pathway therapeutics.
Resilience often surfaces in the face of vulnerability. Cheng et al. perform a prospective study on the effective use of vercanozole in treatment of invasive fungal infections. Through stepwise multivariate linear regression analyses of young and elderly patients from a single-center cohort, they identify factors affecting drug trough and metabolite concentrations in plasma. Intriguing prospects for biomarkers are proposed for correlation to predictive effect of the drug.
Age is an art. Blake’s bright apple stems from damage, healing and resilience (Figure 1). Picasso’s Pomme is a small matter of fluid identity and relativity. And for larger-than-life Miriam Makeba (1932-2008),
“Age is getting to know all the ways the world turns, so that if you cannot turn the world the way you want, you can at least get out of the way, so you will not get run over.”
[image: Figure 1]FIGURE 1 | Songs of Experience: A Poison Tree. Plate 49. William Blake (British, London 1757-1827). The Metropolitan Museum of Art, New York, Rogers Fund, 1917. www.metmuseum.org. Image obtained under The Met’s Open Access progam.
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Retinopathy of prematurity (ROP) is the leading cause of blindness in neonates. Inflammation, in particular interleukin-1β (IL-1β), is increased in early stages of the disorder, and contributes to inner and outer retinal vasoobliteration in the oxygen-induced retinopathy (OIR) model of ROP. A small peptide antagonist of IL-1 receptor, composed of the amino acid sequence, rytvela, has been shown to exert beneficial anti-inflammatory effects without compromising immunovigilance-related NF-κB in reproductive tissues. We conducted a longitudinal study to determine the efficacy of “rytvela” in preserving the integrity of the retina in OIR model, using optical coherence tomography (OCT) which provides high-resolution cross-sectional imaging of ocular structures in vivo. Sprague–Dawley rats subjected to OIR and treated or not with “rytvela” were compared to IL-1 receptor antagonist (Kineret). OCT imaging and custom automated segmentation algorithm used to measure retinal thickness (RT) were obtained at P14 and P30; gold-standard immunohistochemistry (IHC) was used to confirm retinal anatomical changes. OCT revealed significant retinal thinning in untreated animals by P30, confirmed by IHC; these changes were coherently associated with increased apoptosis. Both rytvela and Kineret subsided apoptosis and preserved RT. As anticipated, Kineret diminished both SAPK/JNK and NF-κB axes, whereas rytvela selectively abated the former which resulted in preserved monocyte phagocytic function. Altogether, OCT imaging with automated segmentation is a reliable non-invasive approach to study longitudinally retinal pathology in small animal models of retinopathy.

Keywords: rytvela, kineret, anti-interleukin-1β, therapy, oxygen-induced retinopathy, retina, optical coherence tomography, automated segmentation


INTRODUCTION

Retinopathy of prematurity (ROP) is the leading cause of severe visual impairment and blindness in neonates and young children in the western world. In the early stages of the disease, pro-inflammatory IL-1β increases markedly, resulting in microvascular decay which culminates in intravitreal neovascularization predisposing to retinal detachment (Penn et al., 1994; Rivera et al., 2013; Zhou et al., 2016). Recently, rytvela, an Interleukin-1 receptor (IL-1R) allosteric modulator, was shown to be effective in preserving retinal microvascular integrity in ischemic retinopathy induced by postnatal hyperoxia (Rivera et al., 2013) and antenatal inflammation (Beaudry-Richard et al., 2018). Akin to other biologics, IL-1 receptor antagonist (commercialized as Kineret) broadly diminishes immunologic functions of IL-1β, thus increasing the likelihood of serious infections, a major concern for relatively immune incompetent immature neonates. Whereas biased signaling modulation by rytvela targets MAPK and Rho GTPase pathways, while desirably preserving immunovigilant-related NF-κB (Nadeau-Vallee et al., 2015).

Optical coherence tomography (OCT) is now widely used in the clinical setting. Based on low-coherence interferometry, Spectral Domain (SD)-OCT provides high-resolution cross-sectional imaging of ocular structures, permitting the non-invasive observation of retinal layers in vivo (Huang et al., 1991). We recently adapted OCT modality to laboratory animals by developing a protocol to efficiently acquire OCT images in small rodents (Zhou et al., 2017). OCT allows to conduct longitudinal studies, accounts for inter-individual variability, and reduces the number of animals required, leading to more robust interpretation of therapeutic pre-clinical trials. In addition, automated segmentation delineates regions in an image using computerized algorithms and allows for more rapid processing of data. In this context, robust segmentation algorithms identify characteristics of a tissue, provide measurements of its dimensions, and compared to manual tracing are efficient, reliable, and objective, as we have demonstrated for human eyes (Beaton et al., 2015; Mazzaferri et al., 2017); OCT and these algorithms can be adapted for small rodents as used herein. Using the oxygen-induced retinopathy (OIR) model of ROP in small rodents, we aim to compare in a longitudinal study using OCT imaging coupled with automatic segmentation the efficacy of rytvela with that of Kineret in preventing retinal damage that follows the OIR-induced vasoobliteration.



MATERIALS AND METHODS

This study was carried out in accordance with the principles of the Basel Declaration and Hôpital Maisonneuve-Rosemont Animal Care Committee approved protocols (authorizations 2017-1320, 2016-AV-004), and is adherent to the International Association of Veterinary Editors guidelines.


Oxygen-Induced Retinopathy Model

Newborn Sprague–Dawley rats (Charles River, St-Constant, QC, Canada) were placed under an oxygen concentration protocol cycling between 50 ± 1 and 10 ± 1% every 24 h from postnatal day (P) 0 to P14 (OIR/ROP) (Penn et al., 1994). On P14 rats were returned to room air. This model is characterized by retinal vascular decay (Penn et al., 1994; Rivera et al., 2017) followed by hypoxia-driven inner retinal neovascularization which develops between P14 and P18. Control rats (NOR) were maintained in room air (21% O2). Rats (n = 4/group), exposed or not to OIR, were randomly assigned to receive from P0 to P14 either twice-daily intraperitoneal injections of rytvela [1 mg/kg; custom synthesized by Elim Pharmaceuticals (>95% purity)], Kineret (20 mg/kg, Biovitrum), or no treatment. The posology of rytvela was based on reported efficacy (Quiniou et al., 2008) and further supported in subsequent studies (Nadeau-Vallee et al., 2015; Beaudry-Richard et al., 2018; Geranurimi et al., 2019).



Longitudinal Study Design

Twenty-four newborn Sprague–Dawley rats were divided equally into six groups. Twelve rats were placed in conditions to develop OIR as explained previously. The healthy control group comprised twelve other rats. In both the OIR and healthy groups, four rats were treated with rytvela, four rats were treated with the Kineret, and four rats received no treatment. Imaging took place at two time points, P14 and P30. On P30, all animals were then sacrificed and eyes were immediately collected and prepared for histological analysis.



Optical Coherence Tomography Imaging

Spectral domain optical coherence tomography (Spectralis OCT, Heidelberg Engineering) imaging was carried out on all rats at P14 and P30 after the careful dosing injection of ketamine-xylazine for anesthesia (Zhou et al., 2017). The anesthetized rats were placed on a plastic horizontal panel in front of the OCT for imaging. The instillation of dilating drops, tropicamide (Mydriacyl) 1.0%, in one or both eyes was done. Additional steps to ensure high-quality OCT images included: (1) placing anesthetized rats on a warming pad (35–37°C) during image acquisition and until they regained full consciousness as advised by the Canadian Council on Animal Care; (2) frequent hydration (every 30 s) of the cornea with artificial tears to restore crispness of fundus and OCT images; and (3) lubricating ointment (Tear Gel, Alcon) application to the unexamined eye during OCT acquisition and to the examined eye immediately post-acquisition.


OCT Parameters

Volume scans of 15°× 5° (7 B-scans 240 microns apart, ART 100 frames including 768 A-scans) were taken in the right eye, by convention. If the imaging was rendered difficult due to rapid breathing or movement that disrupted the eye-tracker, the experimenter held the rat’s head in place and applied light pressure to reduce motion and permit proper OCT imaging. All OCT scans were obtained at the temporal side of the optic nerve (equivalent to position of human macula). During acquisition, image quality was determined based on the Spectralis image quality signal as seen on the OCT monitor, as well as subjective appreciation of the resolution of the B-scan and clear visualization of the layers of interest by the examiner.



Automatic Segmentation of OCT Images

Image processing for measuring the thickness of the retina in OCT B-scans of rodent eyes was carried out using a custom-made fully automated segmentation algorithm with Matlab (The Mathworks, Inc.). Essentially, the algorithm segments two layers sequentially: the outermost retinal layer (ORL) and the innermost layer of the retina (IRL) as seen in Figure 1. The sclera being the brightest object in the B-scan, this feature was used to coarsely localize it in the image. After smoothing the image with a Gaussian average filter (σ = 20 μm), we located the center of the scleral layer as the absolute intensity maximum in each A-scan (Figure 1, center panel). Taking this position as a reference, we located the ORL as the first valley of the intensity slope just above the center of the sclera. Finally, the IRL was obtained as the highest intensity slope peak more than 120 μm above the ORL. The intensity slope was computed after a Gaussian smoothing operation using a filter of σ = 2 μm.


[image: image]

FIGURE 1. Description of automated segmentation algorithm. Left: Identification of the sclera, the outermost retinal layer (ORL), and the innermost retinal layer (IRL) in a section of a typical rodent eye B-scan. Center: Intensity profile along the center A-scan of the image at the left, averaged with a Gaussian filter (σ = 20 μm). The absolute maximum signals the location of the sclera. Right: First derivative (slope) of the intensity profile along the center A-scan of the image at the left. The first valley above the sclera indicates the ORL, and the highest peak more than 120 μm above it indicates the IRL. The slope is computed after a Gaussian smoothing operation with σ = 2 μm.


The retinal thickness (RT) was computed as the distance between the IRL and the ORL. This procedure was performed on every A-scan of each B-scan of each OCT volume scan. The mean thicknesses and their standard deviations were computed for each B-scan, using the results of all A-scans. After discarding B-scans where the percentage error was bigger than 25%, the mean thickness for each map was computed as the weighted average along B-scans, using the inverse of the standard deviation as weight. The final uncertainty of the thickness was computed as the standard error among B-scans.



Ocular Tissue Preparation

Animals were perfused with phosphate buffered saline and 4% paraformaldehyde. For histology sections, eyes were immediately collected, dehydrated by alcohol, and embedded in paraffin. Sagittal sections of 5 μm were cut by microtome (Leica, RM 2145). Eyes for cryo-preparation were further fixed in 4% paraformaldehyde overnight. Posterior eyecups were frozen in optimal cutting temperature medium. Samples were then cut into 10 μm-thick sagittal sections (Microm, HM500O) and processed for IHC.



Cell Culture

The murine macrophage cell line J774 and RAW264.7, purchased from ATCC, were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) (Thermo Fisher Scientific, 11995-065) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (respectively, 085-150 and 450-201-EL, Wisent Bioproducts).



Phagocytosis Assay Preparation

Mouse macrophages (Raw 264.7 and J774) (100,000 cells) were pre-incubated with rytvela (1 μM), SC-514 (2 μM), or Kineret (1 mg/ml) for 30 min and incubated with IL-1β (100 ng/ml) for 4–24 h. Phagocytosis was determined with the Vybrant Phagocytosis Assay kit from Thermo Scientific (Waltham, MA, United States) according to manufacturer’s instructions. Briefly, medium was removed at 4 or 24 h after IL-1β incubation and replaced with Fluorescein-labeled Escherichia coli K-12 BioParticles resuspended in HBSS. Two hours later, bioparticles were removed and the signal was quenched by exposing cells to trypan blue for 1 min. Fluorescence intensity was read using 480 nm excitation and 520 nm emission using ClarioStar microplate reader (BMG LabTech; Champigny-sur-Marne, France). The same procedure was repeated using Kineret and SC-514, an inhibitor of NF-κB and results were compared with those obtained with rytvela.



Immunofluorescence Staining

J774 macrophages were seeded overnight in DMEM containing 10% FBS and 1% penicillin/streptomycin, on round 15 mm cover glass. J774 were pre-incubated with rytvela (1 μM), for 30 min and incubated with IL-1β (100 ng/ml) for 4 h. Then medium was removed and Fluorescein-labeled Escherichia coli K-12 BioParticles mix was added with HBSS. Two hours later, cells were washed twice with PBS for 5 min, fixed in 4% PFA for 30 min, and permeabilized in 1.0% Triton X100 and blocked in 10% FBS 1 h. Cells were counterstained with Rhodamine Phalloidin (1:500, 1 h) (Santa Cruz Biotechnology, R415) and DAPI (1:5000; 5 min) (Sigma–Aldrich, D9542) to evidence cell-contour and cell-nuclei. Phagocytosis efficiency was assessed using a confocal microscope (Zeiss, LSM 510).



Statistical Analysis

Results for RT are presented as means ± standard error of the mean. One-way ANOVA with significance (α = 0.05) was used for processing data. Bonferroni post hoc analysis was used to calculate statistical significance between groups. The graphs showing phagocytosis results were generated using Graph Prism 8. One-way ANOVA with significance (α = 0.05) was used for comparing experiment data.



RESULTS


Early Anti-IL-1 β Therapy Preserves Retinal Thickness in OIR Animals

Retinal thickness was defined as that between the IRL and the ORL (Figure 2A). No difference in RT between groups was yet detected immediately after vasoobliteration (during hyperoxia) on P14 (Figure 2B). By P30, a thinner retina was observed in the untreated OIR group, while RT was preserved in OIR animals that received rytvela or Kineret (Figures 2A,C).
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FIGURE 2. Early anti-IL-1β therapy preserves retinal integrity in OIR subjects. (A) Original B-scans overlaid with the innermost layer of the retina (purple), the inner choroid limit (green), and the choroid-sclera interface (yellow) are shown for each sub-group at P30. (B) There is no difference in retinal thickness on P14. (C) However, OIR retinae become statistically thinner by P30; retinal thickness is preserved by anti-IL-1β. N = 4 animals on P14; N = 3-4 on P30. Values are mean ± SEM. One-way ANOVA; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ****p < 0.0001 vs corresponding values as indicated.




Early Anti-IL-1 β Therapy Reduces the Number of Apoptotic Cells and Preserves Retinal Vessels in the Superficial Capillary Plexus of OIR Animals

Diminished RT in OIR was confirmed histologically (Figure 3); inhibition of IL-1R with rytvela and Kineret avoided retinal thinning. As anticipated, retinal vessel density in the superficial capillary plexus of the nerve fiber layer was reduced by OIR and preserved by anti-IL-1 receptor treatments (Figures 3G,H,I,L). Coherently, microvascular decay which results in the loss of retinal parenchyma was associated with increased apoptosis (TUNEL positivity) mostly observed in the inner retina (Figures 3A,D) consisting of the region most affected in OIR; again, both rytvela and Kineret effectively diminished the number of TUNEL-positive apoptotic cells (Figure 3G).


[image: image]

FIGURE 3. Early anti-IL-1 β therapy reduces the number of apoptotic cells and preserves retinal vessel density at the superficial capillary plexus of OIR subjects. (A–D) TUNEL staining show 2–4 positive cells per 2500 mm2 in P14 control (NOR) animals (with or without anti-IL-1β), compared to ∼10 cells in OIR rats of the same age. (E,F) Both IL-1β antagonists effectively diminish TUNEL positive cells in OIR subjects. Statistical analyses are shown in G. (H) P14 control animals display normal vessel density (green) in the retina. (I) P14 OIR rats show reduced vessel density at the superficial plexus. (J–L) Rytvela and Kineret preserved retinal vessels at the superficial capillary plexus of OIR rats. N = 3–4 animals per group. Values are mean ± SEM. One-way ANOVA; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ****p < 0.0001 vs corresponding values as indicated.




Biased Signaling Pathway Selectivity of Rytvela Compared to Kineret

Consistent with previous reports (Nadeau-Vallee et al., 2015), rytvela selectively reduced OIR-generated (augmented) SAPK/JNK pathway while preserving intact the important immuno-vigilant related NF-κB axis as measured directly in retinal tissue (at P30) (Figure 4 and Supplementary Material); in comparison, Kineret inhibited both SAPK/JNK and NF-κB pathways (Figures 4C,D). This particularly relevant information results in maintenance of NF-κB-dependent (defense-related) phagocytosis in IL-1β-activated mononuclear myeloid cells by rytvela (Figures 4E,F); whereas phagocytosis in mononuclear cells is compromised by Kineret, as seen with the NF-κB inhibitor SC-514 (Figure 4F).


[image: image]

FIGURE 4. Different inhibition profiles between rytvela and Kineret in retinal tissue at P30 in OIR subjects vs. controls (NOR) and the effect of rytvela on macrophage phagocytosis. (A,B) Both rytvela and Kineret abolish SAPK/JNK phosphorylation in OIR subjects. (C,D) However, Kineret inhibits NF-κB, whereas rytvela preserves NF-κB pathway. N = 3–5 animals. Values are mean ± SEM; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ****p < 0.0001 vs corresponding values as indicated. (E) Confocal imaging showing Fluorescein-labeled BioParticles (green) phagocytosed by J774 mononuclear cells counterstained with Rhodamine phalloidin (red) and DAPI (blue). Histogram below immunofluorescent images refer to quantitative analysis using fluorescence intensity plate reading, showing that rytvela does not inhibit IL-1β-induced phagocytosis. (F) Quantitative analysis of Raw 264.7 cell phagocytosis activated by IL-1β, showing preservation by rytvela (1 μM) but not by Kineret (1 mg/ml) or the selective NF-kB inhibitor SC-514 (2 μM). N = 4–11/group. One-way ANOVA; ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, ****p < 0.0001 compared to control.




DISCUSSION

In this longitudinal study, retinal thinning in OIR animals and the retina-preserving effects of two anti-IL-1β agents, Rytvela and Kineret, were successfully observed using OCT imaging and automated segmentation. Validity of OCT, without established automated segmentation, has been successfully used in assessing retinoblastoma growth (Corson et al., 2014), as well as in evaluating retinal layer injury upon subretinal injections in rats (Becker et al., 2017). The current study extends the reliability of OCT in rodent OIR model. OCT imaging has rapidly become an attractive alternative to current laboratory techniques such as IHC due to its many advantages. First, the traditional IHC to measure RT requires sacrificing animals with significantly longer sample process time. Second, IHC often faces artifacts including tissue shrinkage, swelling, and cracks that are caused by fixation and the postmortem status (Rastogi et al., 2013). In addition, OCT is non-invasive and hence allows longitudinal measurements in the same subject, while conventional IHC protocol requires animal sacrifice at each time point; this translates into a significant reduction of experimental animals needed for longitudinal studies. Lastly, repeated measurements reduce inter-individual variabilities and enhance statistical power. Another strength of this study lies in the use of an automated segmentation protocol which enables timely, rapid, and effective analysis of retinal features, while ensuring objectivity when compared to manual tracing. Accordingly, large amounts of data can be efficiently processed; consistent results can be obtained when repeating iterations on a given dataset, and both inter- and intra-evaluator variabilities are eliminated (Dysli et al., 2015).

A key point to successfully carrying out longitudinal measurements in OCT lies in maintaining a clear cornea in experimental animals. Previous studies have identified a rare but serious side effect of Xylazine (a common anesthetics used in rodent studies)—corneal calcification akin to band keratopathy (Turner and Albassam, 2005; Koehn et al., 2015; Zhou et al., 2017). The dense calcification in the central cornea immediately precluded subsequent OCT experiments. Our group developed a protocol to safely anesthetize animals and achieve long-term, repeated imaging (Zhou et al., 2017). This protocol was applied in our experiments. As expected, results generated by our OCT imaging and automated segmentation are parallel to previous studies that used IHC methods (Dorfman et al., 2008; Dorfman et al., 2010; Rivera et al., 2013); our protocol can thus be readily integrated for reliable longitudinal small animal experimentation.

Anti-IL-1β treatment has been shown to be effective in preventing retinal OIR-elicited vasoobliteration and in turn reduce aberrant pre-retinal neovascularization (Rivera et al., 2013). In this context, it was shown that anti-IL-1 treatment effectively diminishes the release of vaso-repulsive molecule semaphorin 3A from RGCs (Joyal et al., 2014; Sitaras et al., 2015), thereby facilitating NOR revascularization. The advantage of rytvela, a non-competitive inhibitor of IL-1β receptor, has been previously demonstrated in a model of preterm labor (Nadeau-Vallee et al., 2015). In particular, rytvela preserves NF-κB axis while inhibiting SAPK/JNK and others; this effect was shown in vivo herein. This is important in maintaining the multiple functions of the transcription factor NF-κB (Hoesel and Schmid, 2013). NF-κB has a quintessential role in sustaining innate immune surveillance (Hayden et al., 2006) consistent with our findings related to mononuclear cell phagocytosis; this is particularly important for premature newborns as they face complex immunological challenges when they emerge from the sterile in utero environment (McDonagh et al., 2004; Marchini et al., 2005). During this period, neonates mainly depend on the innate immunity where Toll-like receptor—NF-κB axis plays a significant role (Kollmann et al., 2012). Therefore, when treating neonatal inflammatory conditions, one must strike a fine balance between adequate immune defense and unrestrained inflammation. Additionally, NF-κB signaling participates in cell proliferation and angiogenesis in the retina (Yoshida et al., 1999; Noort et al., 2014). In ROP, revascularization and restoration of retinal blood flow are prerequisites for the proper development of the premature retina (Wei et al., 2016). Overt inhibition of NF-κB by Kineret may contribute to the absence of revascularization in OIR rats as observed herein. Hence together, rytvela provides a beneficial alternative to Kineret as anti-IL-1β treatment of the neonate.

In summary, OCT imaging coupled with an automated segmentation algorithm represents a non-invasive, reliable, and readily efficient method to study longitudinally retinal pathology and its alteration by drug candidates, in rat OIR model. The present study further establishes that rytvela, a novel biased inhibitor of IL-1β, preserves retinal integrity and restores vascular density in a rodent model of ischemic retinopathy, while conserving innate mononuclear cell phagocytosis.
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We screened 57 chemical probes, high-quality tool compounds, and relevant clinically used drugs to investigate their effect on pro-inflammatory prostaglandin E2 (PGE2) production and interleukin-8 (IL-8) secretion in human whole blood. Freshly drawn blood from healthy volunteers and patients with systemic lupus erythematosus (SLE) or dermatomyositis was incubated with compounds at 0.1 or 1 µM and treated with lipopolysaccharide (LPS, 10 µg/ml) to induce a pro-inflammatory condition. Plasma was collected after 24 h for lipid profiling using liquid chromatography tandem mass spectrometry (LC-MS/MS) and IL-8 quantification using enzyme-linked immunosorbent assay (ELISA). Each compound was tested in at least four donors at one concentration based on prior knowledge of binding affinities and in vitro activity. Our screening suggested that PD0325901 (MEK-1/2 inhibitor), trametinib (MEK-1/2 inhibitor), and selumetinib (MEK-1 inhibitor) decreased while tofacitinib (JAK inhibitor) increased PGE2 production. These findings were validated by concentration–response experiment in two donors. Moreover, the tested MEK inhibitors decreased thromboxane B2 (TXB2) production and IL-8 secretion. We also investigated the lysophophatidylcholine (LPC) profile in plasma from treated whole blood as these lipids are potentially important mediators in inflammation, and we did not observe any changes in LPC profiles. Collectively, we deployed a semi-high throughput and robust methodology to investigate anti-inflammatory properties of new chemical probes.




Keywords: prostaglandin E2, whole blood assay, interleukin-8, inflammation, drug screen



Highlights

	Inhibitors for MEK decreased PGE2 and TXB2 production


	Inhibitors for MEK and ERK decreased IL-8 secretion


	JAK inhibitor tofacitinib increased PGE2 and TXB2 production






Introduction

Inflammation is a highly controlled immune response to eliminate the cause of tissue injury or infection and to initiate tissue repair back to homeostasis via resolution (Nathan, 2002; Buckley et al., 2013). However, inflammation is not always terminated. Unresolved inflammation causes persistent pain, tissue degeneration, and loss of function. In particular, inflammatory responses drive many autoimmune diseases (McInnes and Schett, 2011) and inflammation is a hallmark of cancer (Hanahan and Weinberg, 2011). Thus, there is a great need for new therapies that are anti-inflammatory and safe.

Prostaglandin E2 (PGE2) is a potent lipid mediator of inflammation and immune responses, and PGE2 is a central mediator of pain, edema, and cartilage erosion typically observed in the joints of rheumatoid arthritis patients (Akaogi et al., 2012; Fattahi and Mirshafiey, 2012). In addition, PGE2 is a promotor of the immunosuppressive tumor microenvironment with major impact on tumor progression (Wang and Dubois, 2010; Hanahan and Weinberg, 2011; Ricciotti and Fitzgerald, 2011). During inflammation, PGE2 is synthesized via conversion of arachidonic acid by cyclooxygenases (COX-1 and COX-2) into unstable PGH2 that is further metabolized by the inducible terminal synthase microsomal prostaglandin E synthase-1 (mPGES-1) to generate PGE2. Multiple non-steroidal anti-inflammatory drugs (NSAIDs) exist in clinical practice that unselectively decrease PGE2 production via inhibition of COX, but these drugs are all associated with adverse effects. Hence, selective inhibition of PGE2 production with small molecule inhibitors could therefore be a desirable therapeutic strategy in inflammation and cancer (Bergqvist et al., 2020).

Interleukin-8 (IL-8) is a potent chemoattractant and activator of neutrophils. IL-8 signaling is implicated in multiple chronic inflammatory diseases (Russo et al., 2014) and cancer (Waugh and Wilson, 2008). For example, a recent meta-analysis concluded that patients suffering from systemic lupus erythematosus (SLE) have increased levels of circulating IL-8 (Mao et al., 2018). Patients with central neuropsychiatric SLE have increased concentration of IL-8 in cerebrospinal fluid compared to patients with non-central neuropsychiatric SLE (Yoshio et al., 2016). IL-8 is also associated with renal damage and pulmonary fibrosis in SLE patients (Lit et al., 2006; Nielepkowicz-Goździńska et al., 2014). Given that IL-8 is a stimulant for neutrophil activation, which plays a significant role in the pathogenesis of SLE (Kaplan, 2011), targeting IL-8 secretion or signaling could constitute a therapeutic strategy for SLE. A similar role of neutrophils and net formation has been reported in patients with dermatomyositis (DM) (Zhang et al., 2014; Peng et al., 2018). In cancer, IL-8 is highly expressed in several types of cancer tissues (David et al., 2016) and serum concentration of IL-8 correlates with tumor burden (Alfaro et al., 2017). The tumor-favoring actions of IL-8 include promotion of angiogenesis, increased survival of cancer stem cells, and attraction of myeloid cells that indorse the immunosuppressive tumor microenvironment (Alfaro et al., 2017).

In this study, we aimed to evaluate the effect of 57 chemical probes, high-quality tool compounds, and relevant control drugs on eicosanoid production and IL-8 secretion in human whole blood. A chemical probe is defined as “… a selective small-molecule modulator of a protein’s function that allows the user to ask mechanistic and phenotypic questions about its molecular target in biochemical, cell-based or animal studies” (Arrowsmith et al., 2015), and these compounds follow the criteria of in vitro potency (IC50 or Kd <100 nM), high selectivity versus other protein subfamilies (>30-fold), and on-target cell activity at 1 µM. The chemical probes and other high-quality tool compounds included are mainly epigenetic modulators and kinase inhibitors that were produced in academic collaborations or donated by pharmaceutical companies within the Structural Genomic Consortium (SGC, www.thesgc.org), which aims to investigate novel targets for drug development in open science and in collaboration with the pharmaceutical industry. These inhibitors were tested here at one concentration (in triplicates, n = 4–15 donors) based on previous knowledge of binding affinities and toxicity in vitro, as assessed using other validated assays in our laboratories (https://ultra-dd.org/tissue-platforms/cell-assay-datasets).



Materials and Methods


Ethical Approval and Consent to Participate

Ethical approval for this study was granted by local research ethics committee at Karolinska University hospital (Dnr 02-196) and the Regional Ethical Review Board in Stockholm (Dnr 2015/2001-31/2). Full informed consent according to the Declaration of Helsinki was obtained from all patients.



Collection of Blood

Peripheral venous blood was drawn from 10 females and 6 males, aged between 27 and 81 years. Healthy controls (n = 4) and two patient groups were included: SLE (n = 9) and DM (n = 3). Patients with diagnosis SLE or DM and aged 18 or older were recruited from the Rheumatology Clinic at Karolinska University Hospital. Patients with ongoing treatment including Sendoxan (cyclophosphamide) and Benlysta (belimumab) or with kidney failure as defined by present dialysis or previous kidney transplantation were excluded. Disease activity measurements were not obtained at the time of sampling. For healthy control and patients characteristics, see Supplementary Table 1. The blood was collected in tubes containing sodium heparin (1000 U/ml).



Inhibitors

The inhibitors (chemical probes and other high-quality tool compounds) tested here were obtained through the SGC (www.thesgc.org) and supplied by different distributers (Supplementary Table 2). Inhibitors and control drugs (Supplementary Table 2) were reconstituted at 10 mM in DMSO (D2250, Sigma-Aldrich), aliquoted in Eppendorf tubes or 96-well plates, and kept at −80°C. A fresh aliquot was used at each experiment. Diclofenac (dual COX-1/2 inhibitor) was used as positive control for inhibition of prostanoid production. Lipopolysaccharide (LPS; L6529, Sigma-Aldrich) was reconstituted in phosphate-buffered saline (PBS) (D8537, Sigma-Aldrich) to a final concentration of 0.1 mg/ml and kept at +8°C.



Whole Blood Assay

Inhibitors and vehicle control (DMSO) were diluted in PBS at room temperature with no direct light on. The treatments were prepared in 25 µl portions to U-shaped 96-well plate and 200 µl of freshly drawn heparin blood (< 2 h at room temperature) was added to the plate. The plate was incubated at 37°C for 30 min and then 25 µl of 0.1 mg/ml LPS in PBS was added followed by pipetting up and down 3 times (final concentration of LPS was 10 µg/ml). The tested concentration for inhibitor was 0.1 or 1 µM (Supplementary Table 1). The plate was incubated for 24 h at 37°C and then centrifuged at 3000g for 10 min at 4°C. Working on ice, 100 µl plasma was recovered to a new plate (for prostanoid profiling) and from this 20 µl was transferred to a second plate (for IL-8 quantification). The plates were sealed with aluminum foil and stored at -80°C.



Extraction of Lipids

Plasma samples (80–240 µl) were thawed on ice and spiked with 50 µl deuterated internal standard mix containing 17 ng 6-keto-PGF1α-d4, 8 ng PGF2α-d4, 12 ng PGE2-d4, 8 ng PGD2-d4, 8 ng thromboxane B2 (TXB2)-d4, and 8 ng 15-deoxy-Δ12,14PGJ2-d4 (Cayman Chemical Company) prepared in 100% methanol. Protein precipitation was performed by addition of 800 µl 100% methanol, followed by vortexing, and centrifugation at 3000g for 10 min at 4°C. The supernatants were collected in a new plate and evaporated under vacuum for 4 h. The evaporated samples (100–200 µl) were diluted to 1 ml with 0.05% formic acid in water and then loaded onto Oasis HLB 1 cc 30 mg plate (Waters Corporation, USA) that had been pre-conditioned with 1 ml of 100% methanol and 1 ml of 0.05% formic acid in water. The plate was washed with 10% methanol, 0.05% formic acid in water and lipids were eluted with 100% methanol. The eluates were dried under vacuum overnight and stored at −20°C until reconstituted in 50 µl of 20% acetonitrile in water prior to analysis with liquid chromatography tandem mass spectrometry (LC-MS/MS).



Lipid Profiling by LC-MS/MS

Lipids were quantified in negative mode with multiple reaction monitoring method, using a triple quadrupole mass spectrometer (Acquity TQ detector, Waters) equipped with an Acquity H-class UPLC (Waters). Eicosanoid were purchased from Cayman Chemicals and individually optimized for based on precursor ion m/z, cone voltage, collision energy, and fragment ion m/z (Supplementary Table 3). An eicosanoid mix containing all standards of interest was used to check interference in the LC-MS/MS analysis. Lysophophatidylcholine (LPC)(14:0) and LPC(18:0) were used to set optimal analytical parameters for quantification of LPCs. Separation of lipids was performed on a 50 × 2.1-mm Acquity UPLC BEH C18 column 1.7 µm (Waters) with a 12-min stepwise linear gradient (20%–95%) at a flowrate of 0.6 ml/min with 0.05% formic acid in acetonitrile as mobile phase B and 0.05% formic acid in water as mobile phase A. Data were analyzed using MassLynx software, version 4.1, with internal standard calibration and quantification to external standard curves for prostanoids. LPCs were normalized as area-% within each injection. Only lipids with peaks intensities of signal-to-noise greater than 10 (S/N >10) were considered in our data analysis.



Development of Whole Blood Assay

The whole blood assay was developed to screen for changes in multiple eicosanoids. Each eicosanoid and corresponding deuterated variant were individually optimized in the LC-MS/MS analysis. A dilution curve containing 6-keto PGF1α-d4, PGE2-d4, PGD2-d4, PGF2α-d4, TXB2-d4, 15d-PGJ2-d4, LTB4-d4, LTC4-d5, LTD4-d5, 5-HETE-d8, 12-HETE-d8, 15-HETE-d8, and undeuterated variants of 13-HODE, RvD1, RvD2, 17-hydroxy DHA, and protectin DX was spiked into 100 µl plasma at different stages throughout the extraction. A dilution curve was spiked in water at the same step. The dilution curve ranged from 0.006 to 1.5 pmol as final amount injected on the column in the LC-MS/MS analysis. This enabled us to investigate the lower limit of quantification (LLOQ), recovery efficacy, and matrix effect for each eicosanoid. The LLOQ injected on column was considered as great (0.02–0.05 pmol), good (0.1–0.2 pmol), or poor (0.4–1.5 pmol). Eicosanoids with great LLOQ were PGE2, PGF2α, TXB2, RvD1, RvD2, LTB4, protectin DX, and 13-HODE; good LLOQ were 6-keto PGF1α, PGD2, 5-HETE, 15-HETE, and LTD4; poor LLOQ were 15d-PGJ2, 12-HETE, 17-hydroxy DHA, and LTC4. The extraction recovery rates were 33%–125%. The response in plasma compared to 20% acetonitrile were 52%–116% due to matrix effects. The estimated LLOQ in 100 µl plasma was approximately 1 ng/ml for the best performing eicosanoids including PGE2, TXB2, PGF2α, RvD1, RvD2, and protectin DX. We can conclude that the method provided similar quantitative performance in plasma for many eicosanoids.

LPS at 10 µg/ml induced PGE2 and TXB2 production in human whole blood, which are the two dominant eicosanoids produced under these conditions (Mazaleuskaya et al., 2016). All other eicosanoids were below the LLOQ. We chose 10 µg/ml of LPS based on the consensus in the literature for this type of assay, yielding a robust amount of PGE2 (49 ± 4 ng/ml, n = 5 donors) and TXB2 (24 ± 9 ng/ml, n = 5 donors). The prostanoid production was completely blocked using the dual COX-1/2 inhibitor diclofenac (10 µM). High concentration of DMSO (0.1%) slightly decreased PGE2 production by 20% (n = 2 donors) while DMSO at 0.01% or 0.001% had no effect. The intra-assay coefficient of variation (CV, n = 20 technical replicates) was 12% and 11% for PGE2 and TXB2, respectively. The inter-assay CV for control material (n = 3 donors) was 20% for PGE2 and 30% for TXB2. This was performed on blood that was drawn, incubated, extracted, and analyzed at separate occasions. The suppression in signal due to matrix effects and/or recovery efficiency varied between donors and experiments, ranging from 10% to 70% suppression compared to signal in extracted blank (mean ± SD, n = 6 donors, PGE2: 45% ± 25%, TXB2: 40 ± 20%). In summary, 24-h incubation of whole blood with 10 µg/ml LPS resulted in profound induction of the COX-1/2 products PGE2 and TXB2 that was efficiently blocked by diclofenac at 10 µM.



Quantification of IL-8

IL-8 was quantified in plasma by human IL-8 (CXCL8) enzyme-linked immunosorbent assay (ELISA) development kit (3560-1H, Mabtech) according to manufacturer’s instructions.



Statistical Analyses

Data are presented as mean ± SEM if not stated otherwise. Statistical analyses were performed using GraphPad Prism 6 (GraphPad Software). One-sample t-test and two-sample t-test with Bonferroni correction were used to test significant difference. Statistical significance level was set to p < 0.05.




Results


Effect on PGE2 and TXB2 Production

Our screening of inhibitors suggested that selected kinase inhibitors affected prostanoid production (Figure 1). The strongest reduction in PGE2 production was observed by MEK-1 inhibitor PD0325901 (31% ± 6%, p = 0.001, n = 4) and MEK-1/2 inhibitor trametinib (34% ± 7%, p < 0.0001, n = 15). Moderate suppression in PGE2 concentration was found for MEK-1/2 inhibitor selumetinib (65% ± 9%, p = 0.02, n = 5), ERK-1/2 inhibitor SCH772984 (76% ± 11%, p = 0.04, n = 13), and p38 inhibitor skepinone-L (76% ± 8%, p = 0.01, n = 13). However, the tested p38 inhibitor pamapimod did not affect PGE2 production. Two of these compounds decreased TXB2 production, namely trametinib (63% ± 6%, p = 0.02, n = 15) and selumetinib (74% ± 7%, p = 0.02, n = 5). Diclofenac, here used as a positive control for inhibition of prostanoid production, blocked the prostanoid production while selective COX-2 inhibitor NS-398 inhibited only PGE2 production, in agreement with previously reported data for these compounds in whole blood assay (Larsson et al., 2019). The JAK inhibitor tofacitinib increased both PGE2 (286% ± 51%, p = 0.01, n = 6) and TXB2 (169% ± 20%, p = 0.02, n = 6) production. The IRAK-1/4 inhibitor I slightly increased the concentrations of PGE2 (139% ± 15%, p = 0.04, n = 7) and TXB2 (133% ± 8%, p = 0.008, n = 7).




Figure 1 | Volcano plots showing effects on PGE2 (A) and TXB2 (B) production in LPS-induced human whole blood. The top altered conditions compared to vehicle control based on fold-change (< 0.5 or >2) and p-value (< 0.05) are highlighted. Each inhibitor was tested in 4–15 donors. Statistical significance was tested using one-sample t-test (p < 0.05). PGE2, prostaglandin E2; LPS, lipopolysaccharide; TXB2, thromboxane B2.



We chose to investigate the strongest observed effects in more detail by performing concentration–response experiments for PD0325901, trametinib, selumetinib, and tofacitinib. All three MEK inhibitors showed a concentration-dependent response on both PGE2 and TXB2 production while tofacitinib showed a concentration-dependent response on PGE2 production (Figure 2).




Figure 2 | Validation of inhibitory effect on PGE2 (A) and TXB2 (B) production by MEK inhibitors in human whole blood. Diclofenac at 10 µM was used as positive control. Data are presented as mean ± SD of biological replicates (n = 2-6 per condition) from one representative experiment. The absolute prostanoid production in LPS control was 53.3 ± 8.3 ng/ml for PGE2 and 15.5 ± 2.1 ng/ml for TXB2. The concentration–response was tested in two donors. Statistical significance was tested using two-sample t-test with Bonferroni correction (p < 0.05). The asterisk (*) represents statistical significance to vehicle control.





Effect on IL-8 Secretion

In line with the effect on prostanoid production, reduction in IL-8 secretion was found for PD0325901 (24% ± 9%, p = 0.03, n = 3), trametinib (27% ± 5%, p < 0.0001, n = 13), and selumetinib (45% ± 10%, p = 0.03, n = 3) (Figure 3). Moderate reduction in IL-8 secretion was found for SCH772984 (62% ± 9%, p = 0.002, n = 12) and diclofenac (66% ± 8%, p = 0.003, n = 11). We could also observe that tofacitinib increased IL-8 secretion (225% ± 57%, p = 0.16, n = 3), however not with statistical significance.




Figure 3 | Volcano plot showing effects on IL-8 secretion in LPS-induced human whole blood. The top altered conditions compared to vehicle control based on fold-change (< 0.5 or >2) and p-value (< 0.05) are highlighted. Each inhibitor was tested in 3–13 donors. Statistical significance was tested using one sample t-test (p < 0.05). IL-8, interleukin-8.





Effect on LPC Profile

We measured LPC species within our targeted LC-MS/MS analysis. LPCs are mainly generated by metabolism of membrane phosphatidylcholine by cytosolic phospholipase A2 (Burke and Dennis, 2009). These lipids have been reported to be involved in several cellular processes; sometimes with opposing effect depending on degree of saturation, concentration, and biological context (Sevastou et al., 2013; Drzazga et al., 2014). We observed no difference in total LPC or LPC profile when whole blood was treated with LPS neither did any of the tested inhibitors alter the LPC profile (Figure 4).




Figure 4 | Effect on LPC profile in whole blood. There was no difference in total LPC (A) or LPC profile (B) with LPS treatment, and none of the tested compounds affected the LPC profile (C). Each inhibitor was tested in 4–15 donors. LPC, lysophophatidylcholine.






Discussion

We have tested the inhibitory effect on prostanoid production and IL-8 secretion in human whole blood for 57 high-quality inhibitors with known target specificities and in vitro potencies. None of the tested epigenetic modulators, which are acting on demethylases, bromodomains, or methyltransferases, affected PGE2 or IL-8 concentration. Inhibition of MEK-1/2 or ERK decreased PGE2 production and IL-8 secretion in this assay. This effect was observed for allosteric inhibitor trametinib (MEK-1/2), non-ATP-competitive inhibitors PD0325901 (MEK-1) and selumetinib (MEK-1/2), and ATP-competitive inhibitor SCH772984 (ERK-1/2). These kinase targets are part of the RAS/RAF/MEK/ERK signaling transduction pathway, where inhibition of MEK prevents the downstream phosphorylation and activation of ERK that ultimately regulates cellular responses such as survival, lipid metabolism, and protein translation (McCubrey et al., 2007). For example, MEK-1/2 inhibitor PD184352 decreased PGE2 production in melanoma cell line by decreased COX-2 expression due to inhibition of phosphorylation on ERK (Zelenay et al., 2015) and trametinib reduced IL-8 production in melanoma cell line (Hartman et al., 2017). We found that our positive control diclofenac for blocking prostanoid production decreased IL-8 secretion, which is explained by the fact that PGE2 stimulates IL-8 production in cultured cells (Agro et al., 1996; Caristi et al., 2005; Aso et al., 2012; Venza et al., 2012). While our study mainly focused on identifying inhibitory effects, we observed that JAK inhibitor tofacitinib increased both PGE2 production and IL-8 secretion. Tofacitinib is used to treat rheumatoid arthritis and it is known that tofacitinib can increase the expression of pro-inflammatory mediators, including PGE2, in macrophages by acting inhibitory on the expression of anti-inflammatory IL-10 (Kothari et al., 2014). The increased formation of pro-inflammatory PGE2 and platelet activating thromboxane A2 (as measured by stable metabolite TXB2) in human whole blood may be associated with the recently recognized increased risk of thromboembolism associated with JAK inhibitors in treatment of rheumatoid arthritis (Scott et al., 2018). Moreover, we did not observe any changes in LPC profile by LPS alone or the tested compounds. While LPCs can be generated by degradation of phosphatidylcholine, LPCs are continuously incorporated back into the plasma membrane (Law et al., 2019). This would result in no net change in LPCs while other phospholipid species may change in abundance. We acknowledge that the limitation of our study is the usage of one concentration per tested inhibitor. However, the used concentrations were based on reported IC50 and/or EC50 values as well as solid experiences in our laboratories using other validated assay systems (https://ultra-dd.org/index.php/tissue-platforms/cell-assay-datasets). The concentrations were selected to avoid cellular toxicity but we acknowledge that greater concentrations might be of relevance considering the bioavailability in blood. Indeed, we demonstrated in concentration–response experiments that greater inhibitory effect could be achieved by increasing the concentration for the MEK inhibitors. However, this increases the risk of off-target effects and/or introduction of cellular toxicity that needs to be taken into account in experimental design and interpretation of results. In conclusion, we identified inhibitors for MEK or ERK as anti-inflammatory hits in our human whole blood assay. Based on the suppression in PGE2 production and IL-8 secretion, further investigation of the MEK/ERK signaling pathway may inform future therapeutic strategies to treat inflammatory diseases such as SLE and DM.



Data Availability Statement

The datasets generated for this study are available on request to the corresponding authors.



Ethics Statement

The studies involving human participants were reviewed and approved by Karolinska University hospital (Dnr 02-196) and the Regional Ethical Review Board in Stockholm (Dnr 2015/2001-31/2). The patients/participants provided their written informed consent to participate in this study.



Author Contributions

FB, YS, MS, P-JJ, and LB contributed to study conception and design. FB, YS, and M-MS performed experiments. FB analyzed data, performed statistical analysis, and drafted the manuscript. IG and IL facilitated administrative, technical, or material support. All authors critically revised and approved the final version of the manuscript.



Acknowledgments

This work was supported by grants from Innovative Medicines Initiative (EU/EFPIA, ULTRA-DD, grant no. 115766), the Swedish Research Council (grant no. 2017-02577), Stockholm County Council (ALF, grant no. 20160378), The Swedish Rheumatism Association (grant no. R-755861), King Gustaf V’s 80 Years Foundation (grant no. n/a), and funds from Karolinska Institutet (grant no. n/a). This manuscript has been released as a preprint at https://doi.org/10.1101/2019.12.30.890715, (Bergqvist et al., 2019).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2020.00613/full#supplementary-material



References

 Agro, A., Langdon, C., Smith, F., and Richards, C. D. (1996). Prostaglandin E 2 enhances interleukin 8 (IL-8) and IL-6 but inhibits GMCSF production by IL-1 stimulated human synovial fibroblasts in vitro. J. Rheumatol 23, 862-868.


 Akaogi, J., Nozaki, T., Satoh, M., and Yamada, H. (2012). Role of PGE2 and EP Receptors in the Pathogenesis of Rheumatoid Arthritis and as a Novel Therapeutic Strategy. Endocrine Metab. Immune Disord. - Drug Targets 6, 383–394. doi: 10.2174/187153006779025711

 Alfaro, C., Sanmamed, M. F., Rodríguez-Ruiz, M. E., Teijeira, Á., Oñate, C., González, Á., et al. (2017). Interleukin-8 in cancer pathogenesis, treatment and follow-up. Cancer Treat Rev. 60, 24–31. doi: 10.1016/j.ctrv.2017.08.004

 Arrowsmith, C. H., Audia, J. E., Austin, C., Baell, J., Bennett, J., Blagg, J., et al. (2015). The promise and peril of chemical probes. Nat. Chem. Biol. 11, 536–541. doi: 10.1038/nchembio.1867

 Aso, H., Ito, S., Mori, A., Morioka, M., Suganuma, N., Kondo, M., et al. (2012). Prostaglandin e 2 enhances interleukin-8 production via ep4 receptor in human pulmonary microvascular endothelial cells. Am. J. Physiol. - Lung Cell. Mol. Physiol. 302, 266–273. doi: 10.1152/ajplung.00248.2011

 Bergqvist, F., Sundström, Y., Shang, M., Gunnarsson, I., Lundberg, I. E., Sundström, M., et al. (2019). Anti-inflammatory properties of chemical probes in human whole blood: focus on prostaglandin E2 production. bioRxiv doi: 10.1101/2019.12.30.890715

 Bergqvist, F., Morgenstern, R., and Jakobsson, P. J. (2020). A review on mPGES-1 inhibitors: From preclinical studies to clinical applications. Prostaglandins Other Lipid Mediators 147. doi: 10.1016/j.prostaglandins.2019.106383

 Buckley, C. D., Gilroy, D. W., Serhan, C. N., Stockinger, B., and Tak, P. P. (2013). The resolution of inflammation. Nat. Rev. Immunol. 13, 59–66. doi: 10.1038/nri3362

 Burke, J. E., and Dennis, E. A. (2009). Phospholipase A 2 structure/function, mechanism, and signaling. J. Lipid Res 50, S237–S242. doi: 10.1194/jlr.R800033-JLR200

 Caristi, S., Piraino, G., Cucinotta, M., Valenti, A., Loddo, S., and Teti, D. (2005). Prostaglandin E2 induces interleukin-8 gene transcription by activating C/EBP homologous protein in human T lymphocytes. J. Biol. Chem. 280, 14433–14442. doi: 10.1074/jbc.M410725200

 David, J. M., Dominguez, C., Hamilton, D. H., and Palena, C. (2016). The IL-8/IL-8R axis: A double agent in tumor immune resistance. Vaccines 4. doi: 10.3390/vaccines4030022

 Drzazga, A., Sowińska, A., and Koziołkiewicz, M. (2014). Lysophosphatidylcholine and lysophosphatidylinosiol novel promissing signaling molecules and their possible therapeutic activity. Acta Poloniae Pharm. - Drug Res. 71, 887-899.


 Fattahi, M. J., and Mirshafiey, A. (2012). Prostaglandins and Rheumatoid Arthritis. Arthritis. 2012, 1–7. doi: 10.1155/2012/239310

 Hanahan, D., and Weinberg, R. A. (2011). Hallmarks of cancer: The next generation. Cell 144, 646–674. doi: 10.1016/j.cell.2011.02.013

 Hartman, M. L., Rozanski, M., Osrodek, M., Zalesna, I., and Czyz, M. (2017). Vemurafenib and trametinib reduce expression of CTGF and IL-8 in V600EBRAF melanoma cells. Lab. Invest. 97, 217–227. doi: 10.1038/labinvest.2016.140

 Kaplan, M. J. (2011). Neutrophils in the pathogenesis and manifestations of SLE. Nat. Rev. Rheumatol. 7, 691–699. doi: 10.1038/nrrheum.2011.132

 Kothari, P., Pestana, R., Mesraoua, R., Elchaki, R., Khan, K. M. F., Dannenberg, A. J., et al. (2014). IL-6–Mediated Induction of Matrix Metalloproteinase-9 Is Modulated by JAK-Dependent IL-10 Expression in Macrophages. J. Immunol 192, 349–357. doi: 10.4049/jimmunol.1301906

 Larsson, K., Steinmetz, J., Bergqvist, F., Arefin, S., Spahiu, L., Wannberg, J., et al. (2019). Biological characterization of new inhibitors of microsomal PGE synthase-1 in preclinical models of inflammation and vascular tone. Br. J. Pharmacol 176, 4625–4638. doi: 10.1111/bph.14827

 Law, S. H., Chan, M. L., Marathe, G. K., Parveen, F., Chen, C. H., and Ke, L. Y. (2019). An updated review of lysophosphatidylcholine metabolism in human diseases. Int. J. Mol. Sci. 20. doi: 10.3390/ijms20051149

 Lit, L. C. W., Wong, C. K., Tam, L. S., Li, E. K. M., and Lam, C. W. K. (2006). Raised plasma concentration and ex vivo production of inflammatory chemokines in patients with systemic lupus erythematosus. Ann. Rheumatic Dis. 65, 209–215. doi: 10.1136/ard.2005.038315

 Mao, Y. M., Zhao, C. N., Liu, L. N., Wu, Q., Dan, Y. L., Wang, D. G., et al. (2018). Increased circulating interleukin-8 levels in systemic lupus erythematosus patients: A meta-analysis. Biomarkers Med. 12, 1291–1302. doi: 10.2217/bmm-2018-0217

 Mazaleuskaya, L. L., Lawson, J. A., Li, X., Grant, G., Mesaros, C., Grosser, T., et al. (2016). A broad-spectrum lipidomics screen of antiinflammatory drug combinations in human blood. JCI Insight 1. doi: 10.1172/jci.insight.87031

 McCubrey, J. A., Steelman, L. S., Chappell, W. H., Abrams, S. L., Wong, E. W. T., Chang, F., et al. (2007). Roles of the Raf/MEK/ERK pathway in cell growth, malignant transformation and drug resistance. Biochim. Biophys. Acta - Mol. Cell Res. 1773, 1263–1284. doi: 10.1016/j.bbamcr.2006.10.001

 McInnes, I. B., and Schett, G. (2011). The pathogenesis of rheumatoid arthritis. New Engl. J. Med. 365, 2205–2219. doi: 10.1056/NEJMra1004965

 Nathan, C. (2002). Points of control in inflammation. Nature 420, 846–852. doi: 10.1038/nature01320

 Nielepkowicz-Goździńska, A., Fendler, W., Robak, E., Kulczycka-Siennicka, L., Górski, P., Pietras, T., et al. (2014). Exhaled IL-8 in systemic lupus erythematosus with and without pulmonary fibrosis. Archivum Immunologiae Ther. Exp. 62, 231–238. doi: 10.1007/s00005-014-0270-5

 Peng, Y., Zhang, S., Zhao, Y., Liu, Y., and Yan, B. (2018). Neutrophil extracellular traps may contribute to interstitial lung disease associated with anti-MDA5 autoantibody positive dermatomyositis. Clin. Rheumatol. 37, 107–115. doi: 10.1007/s10067-017-3799-y

 Ricciotti, E., and Fitzgerald, G. A. (2011). Prostaglandins and inflammation. Arteriosclerosis Thrombosis Vasc. Biol. 31, 986–1000. doi: 10.1161/ATVBAHA.110.207449

 Russo, R. C., Garcia, C. C., Teixeira, M. M., and Amaral, F. A. (2014). The CXCL8/IL-8 chemokine family and its receptors in inflammatory diseases. Expert Rev. Clin. Immunol. 10, 593–619. doi: 10.1586/1744666X.2014.894886

 Scott, I. C., Hider, S. L., and Scott, D. L. (2018). Thromboembolism with Janus Kinase (JAK) Inhibitors for Rheumatoid Arthritis: How Real is the Risk? Drug Safety 41, 645–653. doi: 10.1007/s40264-018-0651-5

 Sevastou, I., Kaffe, E., Mouratis, M. A., and Aidinis, V. (2013). Lysoglycerophospholipids in chronic inflammatory disorders: The PLA 2/LPC and ATX/LPA axes. Biochim. Biophys. Acta - Mol. Cell Biol. Lipids 1831, 42–60. doi: 10.1016/j.bbalip.2012.07.019

 Venza, I., Visalli, M., Fortunato, C., Ruggeri, M., Ratone, S., Caffo, M., et al. (2012). PGE2 induces interleukin-8 derepression in human astrocytoma through coordinated DNA demethylation and histone hyperacetylation. Epigenetics 7, 1315–1330. doi: 10.4161/epi.22446

 Wang, D., and Dubois, R. N. (2010). Eicosanoids and cancer. Nat. Rev. Cancer 10, 181-193. doi: 10.1038/nrc2809

 Waugh, D. J. J., and Wilson, C. (2008). The interleukin-8 pathway in cancer. Clin. Cancer Res. 14, 6735–6741. doi: 10.1158/1078-0432.CCR-07-4843

 Yoshio, T., Okamoto, H., Kurasawa, K., Dei, Y., Hirohata, S., and Minota, S. (2016). IL-6, IL-8, IP-10, MCP-1 and G-CSF are significantly increased in cerebrospinal fluid but not in sera of patients with central neuropsychiatric lupus erythematosus. Lupus 25, 997–1003. doi: 10.1177/0961203316629556

 Zelenay, S., Van Der Veen, A. G., Böttcher, J. P., Snelgrove, K. J., Rogers, N., Acton, S. E., et al. (2015). Cyclooxygenase-Dependent Tumor Growth through Evasion of Immunity. Cell 162, 1257–1270. doi: 10.1016/j.cell.2015.08.015

 Zhang, S., Shu, X., Tian, X., Chen, F., Lu, X., and Wang, G. (2014). Enhanced formation and impaired degradation of neutrophil extracellular traps in dermatomyositis and polymyositis: A potential contributor to interstitial lung disease complications. Clin. Exp. Immunol. 177, 134–141. doi: 10.1111/cei.12319



Conflict of Interest: The SGC receives funds from AbbVie, Bayer Pharma, Boehringer Ingelheim, the Canada Foundation for Innovation, the Eshelman Institute for Innovation, Genome Canada, Janssen, Merck (Darmstadt, Germany), MSD, Novartis Pharma, the Ontario Ministry of Economic Development and Innovation, Pfizer, the São Paulo Research Foundation, Takeda and the Wellcome Trust (authors: FB, YS, M-MS, MS, P-JJ, and LB). These funders had no direct role in study conceptualization, design, data collection, analysis, decision to publish, or preparation of the manuscript. P-JJ is member of the board of directors at Gesynta Pharma, a company that develops anti-inflammatory drugs.

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 © 2020 Bergqvist, Sundström, Shang, Gunnarsson, Lundberg, Sundström, Jakobsson and Berg. 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.


		BRIEF RESEARCH REPORT
published: 11 January 2021
doi: 10.3389/fphar.2020.568865


[image: image2]
Long-Term Follow-Up and Optimization of Interleukin-1 Inhibitors in the Management of Monogenic Autoinflammatory Diseases: Real-Life Data from the JIR Cohort
Véronique Hentgen1*, Isabelle Koné-Paut2, Alexandre Belot3, Caroline Galeotti2, Gilles Grateau4, Aurelia Carbasse5, Anne Pagnier6, Pascal Pillet7, Marc Delord8, Michael Hofer9 and Sophie Georgin-Lavialle4
1Department of Pediatrics, National Reference Center for Auto-inflammatory Diseases and Amyloidosis, CEREMAIA, Versailles Hospital, Versailles, France
2Department of Pediatric Rheumatology National Reference Center for Auto-Inflammatory Diseases and Amyloidosis, CEREMAIA, CHU du Kremlin Bicêtre, University of Paris Sud Saclay, UVSQ, Le Kremlin Bicêtre, France
3Pediatric Nephrology, Rheumatology, Dermatology, HFME, Hospices Civils de Lyon, National Referee Centre RAISE, & INSERM U1111, Université de Lyon, Lyon, France
4Department of Internal Medicine, National Reference Center for Auto-Inflammatory Diseases and Amyloidosis, CEREMAIA, Tenon Hospital, AP-HP, Sorbonne University, Paris, France
5Department of Pediatrics, Hôpital Arnaud de Villeneuve, CHRU Montpellier, Montpellier, France
6Department of Pediatrics, CHU de Grenoble, Grenoble, France
7Department of Pediatrics, Hôpital des Enfants, CHRU Bordeaux, Bordeaux, France
8Direction de La Recherche Clinique et de L’Innovation (DRCI) Versailles Hospital, Versailles, France
9Unité Romande D’Immuno-Rhumatologie Pédiatrique, CHUV, University of Lausanne, Lausanne, Switzerland
Edited by:
Gerard Bannenberg, Global Organization for EPA and DHA Omega-3s (GOED), United States
Reviewed by:
Luca Cantarini, University of Siena, Italy
Selcan Demir, Hacettepe University, Turkey
Joost Frenkel, Utrecht University, Netherlands
* Correspondence: Véronique Hentgen, vhentgen@ch-versailles.fr
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 02 June 2020
Accepted: 12 October 2020
Published: 11 January 2021
Citation: Hentgen V, Koné-Paut I, Belot A, Galeotti C, Grateau G, Carbasse A, Pagnier A, Pillet P, Delord M, Hofer M and Georgin-Lavialle S (2021) Long-Term Follow-Up and Optimization of Interleukin-1 Inhibitors in the Management of Monogenic Autoinflammatory Diseases: Real-Life Data from the JIR Cohort. Front. Pharmacol. 11:568865. doi: 10.3389/fphar.2020.568865

Objectives: The major role of interleukin (IL)-1 in the pathogenesis of hereditary recurrent fever syndromes favored the employment of targeted therapies modulating IL-1 signaling. However the best use of IL1 inhibitors in terms of dosage is difficult to define at present.
Methods: In order to better understand the use of IL1 inhibitors in a real-life setting, our study assessed the dosage regimens of French patients with one of the four main hereditary recurrent fever syndromes (Familial Mediterranean Fever (FMF), TNF receptor associated periodic syndrome (TRAPS), cryopyrin associated periodic fever (CAPS) and mevalonate kinase deficiency). The patients were retrieved retrospectively from the JIR cohort, an international platform gathering data of patients with pediatric inflammatory diseases.
Results: Forty five patients of the JIR cohort with a hereditary recurrent fever syndrome had received at least once an IL1 inhibitor (anakinra or canakinumab). Of these, 43% received a lower dosage than the one suggested in the product recommendations, regardless of the type of the IL1 inhibitor. Especially patients with FMF and TRAPS seemed to need lower treatment regimens; in our cohort none of the FMF or TRAPS patients received an intensified dose of IL-inhibitor. On-demand treatment with a short half-life IL-1 inhibitor has also been used successfully for some patients with one of these two conditions The standard dose was given to 42% of the patients; whereas an intensified dose of IL-1 inhibitors was given to 15% of the patients (44% of CAPS patients and 17% of mevalonate kinase deficiency patients). In our cohort each individual patient’s need for treatment seemed highly variable, ranging from on demand treatment regimens to intensified dosage maintenance therapies depending on the activity and the severity of the underlying disease.
Conclusion: IL-1 inhibitors are a good treatment option for patients with a hereditary recurrent fever syndrome, but the individual need of the dosage of IL-1 inhibitors to control the disease effectively seems highly variable. Severity, activity but also the type of the underlying disease, belong to the parameters underpinning the treat-to-target strategy implemented in an everyday life practice.
Keywords: anakinra, canakinumab, cryopyrin-associated periodic syndrome, Tumor Necrosis factor (TNF)-receptor-associated periodic syndrome, mevalonate kinase deficiency, posology, familial mediterranean fever disease, IL-1 inhibitor
INTRODUCTION
Interleukin (IL)-1 is implicated in the pathogenesis of several systemic auto-inflammatory disorders and this recognition has favored the employment of targeted therapies modulating IL-1 signaling in a wide number of diseases (Cavalli and Dinarello, 2015). Several IL-1 inhibitors have been developed, but in France the marketing authorization has been obtained only for two of them, the IL-1 receptor antagonist analog anakinra and the IL-1β selective monoclonal antibody canakinumab. The first one was formerly licensed for rheumatoid arthritis, then cryopyrin-associated periodic syndrome (CAPS), and recently in systemic JIA. The second has an indication in the treatment of systemic JIA and in four hereditary systemic auto-inflammatory disorders (European Medicines Agency, 2018b). In 2018, the pivotal placebo-controlled umbrella study with canakinumab has provided the highest level of evidence for the use of IL-1 blockers to control inflammatory symptoms in 3 diseases other than CAPS: i.e. mevalonate kinase deficiency (MKD), TNF receptor associated periodic syndrome (TRAPS), and familial Mediterranean fever (FMF) (De Benedetti et al., 2018). Anakinra will shortly be licensed in France also for colchicine resistant FMF (crFMF) patients (European Medecines Agency, 2018a).
Despite the studies giving short or medium-term results, the use of IL-1 inhibitors on a long term and especially in real life may differ in terms of both intervals between the injections and dosage. Indeed, patients responding insufficiently to IL-1 inhibition, respond completely to a dose increase or shortening of the interval between the doses (Bodar et al., 2011; Grimwood et al., 2015; Kone-Paut et al., 2017; Deshayes et al., 2018). Conversely, the minimum doses required to treat a patient effectively are less well known, considering that the majority of patients are currently treated with a treat-to-target strategy.
In French tertiary care centers, IL-1 inhibitors have been used off-labeled in theses indications for several years (Meinzer et al., 2011; Stankovic et al.,2012; Rossi-Semerano et al., 2015; Abbara et al., 2017). The analysis of these patients therefore presents an unique opportunity to compare the actual doses received by patients in a nation-wide “real-life” setting to the drug dosage recommended in the product recommendations.
MATERIALS AND METHODS
Study Design and Participants
Patients were identified from the JIR cohort, an international multicenter data repository granted by the Swiss-Children-Rheumatisms foundation, which aims to collect both retrospective and prospective information in a variety of juvenile onset systemic inflammatory disorders (http://www.fondationres.org/fr/jircohorte - NTC02377245). For the purpose of the study, only patients from French centers (pediatric and adult) with complete history data and at least one completed follow-up visit were analyzed. Inclusion criteria to the study were all patients.
1) with a monogenic autoinflammatory recurrent fever syndrome (CAPS, TRAPS, FMF and MKD) according to the EUROFEVER/Printo classification criteria (Gattorno et al., 2019).
2) who received during their follow-up at least one IL-1 inhibitor.
Export of patient’s data took place on 12th June 2017, one month before the marketing authorization of canakinumab in France.
Protocol Approvals
This study conformed to the tenets of the Declaration of Helsinki and the protocol was approved by the French Ethic Committee (CCTIRS). Patients were enrolled after comprehensive information checking that they (or their legal guardian) were not opposed to the study and the storage of their personal data. The electronic case report form has been the object of an approval of the national commission for Data Protection and Liberties (CNIL).
Aims and Endpoints
The primary objective of the study was to evaluate the consistence of dosing of IL1inhibitors in HRFs based on European Medicines Agency labeled recommendations.
The secondary aims were 1) to analyze the reasons for discrepancies with the product recommendations and 2) to assess the overall safety profile of IL-1 inhibitors in HRFs.
Assessment of the Accordance of the Received Dosage of Medication with the Recommended Dosing Regimen
All the patients who received at least one IL1 inhibitor for colchicine resistant FMF, MKD, TRAPS and CAPS were assessed. Starting and ending date of the IL-1 inhibition were notified so that total exposure time for each IL-1 inhibitor, expressed in patient-years, could be calculated.
To study the different dosage regimens, we considered the dosage of IL-1 inhibitor received at the last visit (or at the last visit before discontinuation of the studied IL-1 inhibitor). Patients were classified into three groups: group 1/lower than recommended dosage, group 2/standard dosage and group 3/intensified dosage. For anakinra, standard dose was defined as 100 mg/day (among adults) or 2 (±0.5) mg/kg/day (among children) (European Medicines Agency, 2018a). For canakinumab the standard dose depended on the indication: for CAPS-patients the standard dose was defined as 150 mg (or 2 (±0.5) mg/kg) every 8 weeks, whereas the standard dose for crFMF, MKD and TRAPS patient was the dose recommended by the European Medicines Agency: 150 mg (or 2 (±0.5) mg/kg) every 4 weeks (European Medicines Agency, 2018b). Patients treated with lower or less frequent injections were considered as receiving lower than recommended doses, whereas those receiving higher dosages or more frequent injections were considered as receiving intensified dosages of canakinumab.
Analysis of the Reasons for Discrepancies with the Product Recommendations
To analyze the reasons for accordance or discrepancies of the different dosage regimens with the product recommendations, a descriptive analysis of the treatment modalities of the patients treated with IL-1 inhibitors was performed.
Assessment of the Overall Safety Profile of IL-1 Inhibitors
Frequency and description of adverse events were retrieved according to the medDRA terminology. For each adverse event, investigators had to indicate the intensity among “no effect”, “mild”, “moderate”, “severe” and “very severe,” the seriousness with the necessity of an hospitalization or not, the relationship between the medication and the event among “not related,” “not likely,” “possible,” “probable,” and “definitely” and the consequence on the administration of the treatment among “no action,” “drug interrupted,” “drug discontinued,” “dose reduced”. Adverse events were expressed both as absolute number of events during the whole follow-up and as number of events/100 patients/year.
RESULTS
Forty-five French patients who received at least once an IL-1 inhibitor, either anakinra or canakinumab or both, were identified in the JIR cohort and included for analysis. Table 1 summarizes patient’s characteristics with their treatments. Anakinra was the most given treatment (25/45 – 56%), especially in FMF (9/13 – 69%) and TRAPS (8/8 – 100%) patients. The total treatment exposure to anakinra and canakinumab represented 54 and 202.9 patient-years respectively.
TABLE 1 | Patients characteristics and received IL1inhibitor.
[image: Table 1]Figure 1 summarizes the actual doses received at the last visit (or at the last visit before discontinuation of the studied IL-1 inhibitor) according to the different diseases. Group 1 (lower dosage than in product recommendations) constituted 43% of the patients, regardless the type of IL-1 inhibitor. This was especially true for FMF, TRAPS and MKD patients on canakinumab with 100%, 75%, and 66% of patients respectively who received less than standard dose (i.e. 150 mg or 2 mg/kg every 4 weeks). Group 2 (standard dose) concerned 42% of the patients; whereas an intensified dose of IL-1 inhibitors (group 3) was given to 15% of the patients: 44% of CAPS patients and 17% of MKD patients received in our cohort higher doses than the recommended standard dose whereas neither FMF nor TRAPS patients required the intensified maintenance dose (i.e. 300 mg or 4 mg/kg every 4 weeks).
[image: Figure 1]FIGURE 1 | Actual posology received by the patients compared to recommended doses in the summary of product characteristics.
The lower dosages in our cohort than the ones recommended in the summary of product characteristics (SPC) were explained by different treatment regimens:
• Fifty percent of the patients (i.e 2 FMF and 3 TRAPS patients) treated with anakinra who received less than the recommended dose were treated with an on-demand regimen (anakinra administration only during flares), the other half received either a maintenance treatment by injections every other day instead of daily injections, or lower daily doses.
• Administration modalities for canakinumab also varied: One CAPS and one FMF patient received an “on-demand” regimen, i.e., an injection of canakinumab only if clinical and biological symptoms appeared. The other lower dose regimens involved patients with the new indication of canakinumab (i.e., FMF, TRAPS and MKD): they received less frequent injections than those stipulated in the SCP, varying from an injection every 10 weeks to every 6 weeks.
TABLE 2 | Reported side effects with IL1 inhibitors during the study period.
[image: Table 2]Concerning reported adverse eventsoccuring while on IL1 inhibitors (Table 2), 6 led to a therapeutic discontinuation, whereas 40 other adverse events possibly, probably or certainly related to IL1 inhibition were reported. The global incidence of adverse events with IL1 inhibition was 17.1 per 100 patient/years. No significant difference in the incidence of adverse events was found between anakinra or canakinumab therapy (p = 0.55). No link could be established between the frequency of adverse events and the dosage of IL1 inhibitor received. Especially of the nine patients with a side effect considered as serious or very serious by the investigator, three received an intensified dosage regimen. No life-threatening adverse events were retrieved in our study.
The global drug retention rate was higher for canakinumab than anakinra (Figure 2): 33 out of 36 patients (92%) that ever received canakinumab continued the treatment at the end of the study period, whereas this was only the case for 7 out of 25 (29%) of anakinra treated patients (p < 0.0001).
[image: Figure 2]FIGURE 2 | Drug survival curves for anakinra (red line) and canakinumab (blue line). The retention rate for canakinumab was significantly higher than for anakinra. Time expressed in months.
DISCUSSION
This study assessed the dosing regimen of IL-1 inhibitors in patients with a monogenic auto-inflammatory disease. During the study period, in France licensed use of IL-1 inhibitors was possible only in CAPS patients. Nevertheless the French healthcare organization enables physicians belonging to secondary or tertiary care centers for rare diseases to prescribe off labeled drugs and our study focused on these patients.
Almost half of the patients received lower dosages of IL-1 inhibitors than the recommended standard dose. These lower dosage regimens concerned 60% of the patients with the more recent licensed indications of IL1-inhibitors: crFMF, TRAPS and MKD (De Benedetti et al., 2018; European Medicines Agency, 2018b). Especially, canakinumab injections rate was far lower and varied greatly from one patient to another with injections ranging from every 6 to every 10 weeks. This was probably due to the fact that patients received doses based upon the licensed use of canakinumab (ie CAPS, in whom the standard dose is lower than in the other recurrent autoinflammatory fever syndromes). Indeed the publication of the phase 3 Canakinumab Pivotal Umbrella Study in Three Hereditary Periodic Fevers (CLUSTER) study (De Benedetti et al., 2018), defining the standard dose of 150 mg (or 2 mg/kg) every 4 weeks, occurred after the end of our study. Nevertheless it is a striking finding that in a real-life setting, lower doses than the anticipated standard dose seem sufficient to control the disease. Moreover it seems to show that the need for IL1 inhibitors is not uniform: while 100% of patients with crFMF responded to low doses of interleukin 1 inhibition, patients with MKD required overall higher doses, with a need of intensified doses observed only in this group. TRAPS patients seem to display an intermediate profile of interleukin 1 thresholds, with more various needs of the level of IL-1 inhibition to control the disease. Thus results show that the optimal dosage for properly treating any of these diseases is not yet fully defined.
The other main reason for lower dosages was an on-demand treatment strategy in FMF and TRAPS patients. An on-demand strategy was previously described only in 3 studies with anakinra (Bodar et al., 2011; Grimwood et al., 2015; Babaoglu et al., 2019). In a real life setting, this strategy seems to be a realistic treatment option for selected patients (equally well with anakinra than canakinumab), as 5 out of 7 patients still received an on-demand regimen at the end of the study period. Both patients not responding to an on demand treatment with anakinra switched to a maintenance therapy with canakinumab with – according to the including physician – a good response.
The global incidence rate of adverse events in our study was slightly higher than in an Italian study (17.1 per 100 patient/years in our study vs. 8.4 in the Italian study) (Sota et al., 2018), but only already known side effects were described by the participating physicians (Table 2), with mainly–as anticipated-infectious complications (∼11 per 100 patient/years). Most adverse events were considered to be mild and could be managed with minimal treatment modifications. No death, no neoplasm, no tuberculosis infection or reactivation, nor opportunistic infections were reported in our study. Our observations are comforting about the safety profile of IL1 inhibitors in HRFs and support the hypothesis that severe adverse events with IL1 inhibitors are preferentially related to the underlying diseases requiring IL1 inhibition and to the poor general clinical condition, rather than to an actual effect of IL-1 blockade (Sota et al., 2018).
We show a far better drug retention for canakinumab than for anakinra, whereas side effects seemed equally frequent in both groups. Our hypothesis is that the ease of treatment may be the most important point for treatment persistence in patients. It is worth noting, that during the scheduled switch from anakinra to canakinumab, none of the attending physicians pointed out that anakinra was not sufficiently effective to justify changing the medication. Similarly, patients with on-demand anakinra therapy with inadequate disease control switched directly to canakinumab–and not daily anakinra - maintenance therapy. These observations suggest that the ease of treatment is also a major argument guiding the choice of the drug for the prescribing physician.
The major flaw of our study is that due to the retrospective design of our study; we were not able to retrieve a standardized disease activity score and consequently we were not able to link the disease activity of the patients to their treatment regimens. However we consider that we can infer the control of disease activity indirectly by assuming that the adaptations of therapies decided by the investigating physician were made because of criteria related to the severity and the control of the disease. The observed highly variable treatment regimens, ranging from on demand treatment regimens to intensified dosage maintenance therapies, reflects in our opinion that in daily life the investigating physicians adapts drug dosages as closely as possible to disease activity. This is all the more true since our study took place before the French marketing authorization for IL1-inhibitors in HRFs, at a time when dosages had not yet been standardized by the SCP.
A second bias of our study concerns the heterogeneity of our sample, particularly concerning pathologies. However, this heterogeneity also highlighted that individual treatment needs are highly variable. Future studies should focus on identifying and refining the parameters underpinning the treat-to-target strategy practiced in HRFs.
Key Messages

(1) IL-1 inhibitors are a good treatment option for patients with a hereditary recurrent fever syndrome.
(2) The individual need of the dosage of IL-1 inhibitors to control the disease effectively seems highly variable, with about 45% of patients responding well to low dosages of IL-1 inhibitors.
(3) On-demand treatment with a short half-life IL-1 inhibitor may be a treatment option for some selected patients with a recurrent hereditary fever syndrome.
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Downregulation of drug metabolizing enzymes and transporters by proinflammatory mediators in hepatocytes, enterocytes and renal tubular epithelium is an established mechanism affecting pharmacokinetics. Emerging evidences indicate that vascular endothelial cell expression of drug metabolizing enzymes and transporters may regulate pharmacokinetic pathways in heart to modulate local drug bioavailability and toxicity. However, whether inflammation regulates pharmacokinetic pathways in human cardiac vascular endothelial cells remains largely unknown. The lipid modified protein Wnt5A is emerging as a critical mediator of proinflammatory responses and disease severity in sepsis, hypertension and COVID-19. In the present study, we employed transcriptome profiling and gene ontology analyses to investigate the regulation of expression of drug metabolizing enzymes and transporters by Wnt5A in human coronary artery endothelial cells. Our study shows for the first time that Wnt5A induces the gene expression of CYP1A1 and CYP1B1 enzymes involved in phase I metabolism of a broad spectrum of drugs including chloroquine (the controversial drug for COVID-19) that is known to cause toxicity in myocardium. Further, the upregulation of CYP1A1 and CYP1B1 expression is preserved even during inflammatory crosstalk between Wnt5A and the prototypic proinflammatory IL-1β in human coronary artery endothelial cells. These findings stimulate further studies to test the critical roles of vascular endothelial cell CYP1A1 and CYP1B1, and the potential of vascular-targeted therapy with CYP1A1/CYP1B1 inhibitors in modulating myocardial pharmacokinetics in Wnt5A-associated inflammatory and cardiovascular diseases.
Keywords: inflammation, Wnt5A, transcriptome profiling, pharmacokinetic pathways, cardiac vascular endothelial cells
INTRODUCTION
Inflammation is the first line innate immune response to protect the host from infections or tissue injury. It involves highly coordinated interaction of antigen-activated immune cells and their soluble inflammatory products with vascular endothelial cells, inducing a procoagulant, immune cell adhesive and hyperpermeable phenotype in vascular endothelial cells, followed by the movement of immune cells, soluble inflammatory mediators and other plasma proteins across vascular endothelial cells to the site of infection or injury to minimize tissue damage (Pober and Sessa, 2007). Although an orchestrated inflammatory response is crucial for efficient immunity, uncontrolled or sustained inflammation becomes pathogenic and causes tissue destruction, impairs organ function and affects drug pharmacokinetics (Morgan, 2009; Netea et al., 2017). The importance of deregulated immune defense is obvious even in the current pandemic COVID-19 where, endotheliitis, for example in the heart leads to local thrombosis (Varga et al., 2020). Drug pharmacokinetics is affected when locally produced proinflammatory cytokines enter systemic circulation and exert inflammatory responses in hepatocytes, enterocytes and renal tubular epithelium, which represent the classical sites for action of drug metabolizing enzymes and transporters. It was shown that proinflammatory cytokines such as interleukin (IL)-1β and tumor necrosis factor-α downregulate the transcription of cytochrome P450 (CYP) enzymes involved in phase I oxidative metabolism, and membrane protein drug transporters such as Organic Anion Transporting Polypeptide (OATP)- 1 and 2 in hepatocytes, enterocytes and renal tubular epithelium. This results in decreased hepatic clearance and enhanced oral bioavailability increasing the incidence of adverse events. In case of prodrugs activated by metabolism, decreased activities of CYP enzymes may reduce their therapeutic efficiency (Morgan, 2009; König et al., 2013; Wu and Lin, 2019).
Emerging evidences indicate that cardiac vascular endothelial cell expression of drug and xenobiotic metabolizing enzymes and transporters, involved in local metabolic homeostasis, can also modulate pharmacokinetics in the heart muscle. It is shown that organic cation transporter novel type 2, a sodium dependent transport protein for carnitine, is expressed and localized in normal cardiac endothelial cells. Its cardiac expression regulates cardiac delivery of spironolactone or mildronate during congestive heart failure. High variability in its cardiac expression among individuals is linked to variable response to its substrate drugs in clinical setting (Grube et al., 2006). Similarly, multidrug resistance protein 1 (MDR1), a drug efflux pump, is expressed in normal cardiac endothelial cells, and modulates myocardial uptake of its substrates talinolol and celiprolol. Further, cardiac vascular endothelial expression of MDR1 may mediate inter-individual variability observed for the positive inotropic effects of its another substrate digoxin (Meissner et al., 2002; Hausner et al., 2019). In addition to their effects on drugs, cardiac vascular endothelial expression of drug/xenobiotic metabolizing enzymes and transporters also modulates disease modifying endobiotic transformations. Blocking CYP2C9 activity using sulfaphenazole decreased experimentally induced infarct size and post-ischemic vascular superoxide generation, and enhanced post-ischemic coronary flow (Granville et al., 2004; Hunter et al., 2005; Michaud et al., 2010). All these recent findings clearly reveal a critical role for the intrinsic activity of cardiac vascular endothelial cell-expressed drug metabolizing enzymes and transporters in modulating drug and xenobiotic concentrations in myocardium. However, there has been no study performed yet to investigate whether inflammation that has an established role in affecting pharmacokinetics pathways in hepatocytes, enterocytes and renal tubular epithelium (Morgan, 2009; König et al., 2013; Wu and Lin, 2019), regulates the expression of drug and xenobiotic metabolizing enzymes and transporters in human cardiac vascular endothelial cells. In precision medicine, a comprehensive knowledge of the regulation of pharmacokinetic pathways in vascular endothelial cells by specific inflammatory mediators is crucial for developing vascular-targeted therapy to reduce inter-individual variability in drug response and local and systemic toxicity (Eelen et al., 2015; Fatunde and Brown, 2020; Glassman et al., 2020).
In the present study, we employed whole genome expression profiling to investigate whether Wnt5A, an emerging inflammatory mediator in vascular system (Blumenthal et al., 2006; Pereira et al., 2008; Schulte et al., 2012; Skaria and Schoedon, 2017; Choi et al., 2020), regulates the expression of drug metabolizing enzymes and transporters in immunocompetent, primary, human coronary artery endothelial cells (HCAEC; Skaria et al., 2017; Skaria et al., 2019). In our present study, Wnt5A treatments of HCAEC were conducted for 4 h. We chose 4 h treatment in this study because several previous independent studies established that the effects of Wnt5A are time-dependent in different cell types (Valencia et al., 2014; Shojima et al., 2015; Huang et al., 2017). Here, we find that in HCAEC, Wnt5A critically modulates myocardium-specific pharmacokinetic pathways by upregulating the transcription of CYP enzymes that are known to metabolize a broad spectrum of drugs including those used in immune system and cardiovascular diseases.
MATERIALS AND METHODS
Primary Cell Culture
HCAEC were propagated, and treated with vehicle (sterile, pyrogen free, 0.1% human serum albumin in 0.9% NaCl) and recombinant human/mouse Wnt5A (250 ng/ml, R&D systems) alone or combined with recombinant human IL-1β (20 U/ml, PeproTech) for 4 h as described (Skaria et al., 2017; Skaria et al., 2019) (detailed in Supplementary Material). Specific information about vascular endothelial cell characterization is provided in Supplementary Material.
Whole Genome Expression Profiling and Gene Ontology Analysis
Differential gene expression profiling using microarray analysis, and scanning, feature extraction, and data normalization of microarrays were performed using established methods (Skaria et al., 2017; Skaria et al., 2019) (detailed in Supplementary Material). Complete data sets of Wnt5A and Wnt5A/IL-1β combination transcriptomes in HCAEC are accessible in the NCBI GEO data repository through accession numbers GSE145987 and GSE62281, and GSE146691 respectively (refer Supplementary Material for particulars about accession numbers). Linear-lowess normalized microarray data were further analyzed using GeneSpring GX 9.0 Software (Agilent Tech. Inc.), and gene ontology analysis to identify drug and xenobiotic metabolism pathways significantly (p < 0.05) enriched in microarray data were performed using MetaCoreTM GeneGO software (Thomson Reuters, http://portal.genego.com) as described (Skaria et al., 2017; Skaria et al., 2019) with modifications (detailed in Supplementary Material).
RESULTS
Global gene expression profile of 4 h Wnt5A treated HCAEC was compared with that of vehicle-treated HCAEC by whole human genome microarrays. Genes of Wnt5A-treated HCAEC which are significantly differentially regulated after linear-lowess normalization (refer Supplementary Material) and consistently showing at least two-fold change in expression in subsequent GeneSpring analysis compared with vehicle-treated HCAEC were identified (Supplementary Table S1) and screened with MetaCoreTM GeneGO software for their involvement in regulating drug and xenobiotic metabolism pathways. PXR mediated regulation_heart, AhR mediated regulation_heart, CAR mediated regulation_heart, FXR mediated regulation_heart, LXR mediated regulation_heart, Xenobiotic Metabolism- phase II_heart, Xenobiotic Metabolism- phase I_heart, and Xenobiotic Metabolism- phase III_heart were the drug and xenobiotic metabolism pathways significantly enriched in 4 h Wnt5A transcriptome of HCAEC (Figure 1A). Genes of these statistically significant, enriched pathways upregulated by Wnt5A include those encoding intracellular enzymes CYP1A1 and CYP1B1 involved in phase I oxidation, and the transmembrane peptide SLCO2B1 transporting large hydrophobic organic anions, cations and neutral compounds (Table 1). Abundant protein expression of CYP1A1, CYPB1 and SLCO2B1 has been verified in human myocardium (Table 1). CYP1A1 is reported to metabolize compounds such as the antiarrhythmic drug amiodarone, antimicrobial erythromycin, antimalarial and immunomodulatory chloroquine (controversial in use against COVID-19 as an agent preventing the entry of SARS-CoV-2 through ACE2 receptor), nonsteroidal anti-inflammatory diclofenac, anti-psychotic haloperidol, steroid hormone estradiol and the chemotherapeutic agent daunorubicin in humans (Supplementary Table S2). Chloroquine, with active metabolites and long half-life, can prolong the QT interval that could trigger ventricular arrhythmias including torsades de pointes (Kamp et al., 2020). Haloperidol is still used in treating delirium in septic patients admitted in ICU and is associated with QT interval prolongation (Huffman and Stern, 2003). CYP1B1 metabolizes drugs including the anticancer procarbazine, theophylline and the most prescribed cholesterol lowering drug rosuvastatin in humans (Supplementary Table S2). SLCO2B1 can transport drugs such as the leukotriene receptor antagonist montelukast used for asthma, the antirheumatic, immunosuppressive sulfasalazine and a number of drugs acting on the cardiovascular system such as aliskiren, antihypertensive drugs of the sartan group (telmisartan) and a number of cholesterol lowering agents (rosuvastatin, atorvastatin, pravastatin) (Supplementary Table S2). Genes of significantly enriched pharmacokinetic pathways downregulated by Wnt5A include UDP-glucuronosyltransferases (UGT)-1A4 and 1A6 (Table 1) involved in phase II drug metabolism of drugs such as the anticonvulsant lamotrigine and anti-atherosclerotic/analgesic aspirin respectively (Bigler et al., 2001; Reimers et al., 2016).
[image: Figure 1]FIGURE 1 | Drug and xenobiotic metabolism pathways most significantly (p < 0.05) regulated by 4 h Wnt5A (A) and Wnt5A/IL-1β combination (B) treatment in HCAEC. Pathways represented as histograms are ranked by the–log value (p value). Data are from 3 independent experiments.
TABLE 1 | Genes of statistically significant (p < 0.05) drug and xenobiotic metabolism pathways regulated by 4 h Wnt5A treatment in HCAEC. Data are from 3 independent array experiments.
[image: Table 1]During inflammatory diseases such as sepsis and atherosclerosis, vascular endothelial cells may not be exposed to a single inflammatory mediator, rather, different inflammatory mediators such as Wnt5A and the prototypic proinflammatory prothrombotic proatherogenic IL-1β simultaneously act paracrinically on vascular endothelial cells and their crosstalk may modulate inflammatory responses in vascular endothelial cells (Pereira et al., 2008; Bhatt et al., 2012; Schulte et al., 2012; Gatica-Andrades et al., 2017; Skaria and Schoedon, 2017). This prompted us to test whether the regulation of expression of CYP enzymes, known to metabolize broad spectrum of drug substrates (Supplementary Table S2) and found regulated by sole Wnt5A treatment in this study (Table 1; Supplementary Table S1), is preserved during crosstalk between Wnt5A and IL-1β in HCAEC. CYP1A1 and CYP1B1 remained upregulated by Wnt5A/IL-1β combination treatment in HCAEC (Supplementary Tables S3, S4). Further, Wnt5A/IL-1β signaling interaction upregulated the gene encoding an additional member of CYP enzyme family CYP7A1 (Supplementary Tables S3, S4). Protein expression of CYP7A1 has been verified in normal human myocardium (Supplementary Table S4), however its substrates in humans remain largely unidentified. Moreover, Wnt5A/IL-1β combination treatment significantly enhanced enrichment of genes in AhR mediated regulation_heart and LXR mediated regulation_heart pharmacokinetic pathways in HCAEC compared with Wnt5A or IL-1β alone treatments (Figure 1B; Supplementary Figure S1; Supplementary Table S4).
DISCUSSION
Transcriptional downregulation of expression of drug metabolizing enzymes and transporters by the systemic action of proinflammatory mediators in hepatocytes, enterocytes and renal tubular epithelium is an established mechanism affecting pharmacokinetics during inflammation (Morgan, 2009; Wu and Lin, 2019). Additionally, increasing evidences indicate that vascular endothelial expression of drug metabolizing enzymes and transporters may regulate pharmacokinetic pathways in heart to modulate local drug bioavailability and toxicity in humans (Meissner et al., 2002; Grube et al., 2006; Hausner et al., 2019). However, whether inflammatory activation regulates pharmacokinetic pathways in human cardiac vascular endothelial cells remained largely unknown. This study investigated for the first time the regulation of expression of drug metabolizing enzymes and transporters by proinflammatory mediator Wnt5A in human coronary artery endothelial cells. It reveals that Wnt5A upregulates the mRNA expression of CYP1A1 and CYP1B1; enzymes with known role in phase I metabolism of a broad of spectrum of drugs and their protein expression established in human myocardium. Further, it reveals that upregulated CYP1A1 and CYP1B1 expression is preserved during inflammatory crosstalk between Wnt5A and proinflammatory IL-1β in human coronary artery endothelial cells. This novel finding from human vascular endothelial cells isolated from coronary artery, a primary cell system retaining original tissue characteristics (Franscini et al., 2004; Skaria et al., 2017; Skaria et al., 2019), is in accordance with previous findings that proinflammatory cytokines, in contrast to their suppressive effects on drug metabolizing pathways in hepatocytes (Morgan, 2009; Wu and Lin, 2019), stimulate the transcription of CYP enzymes in extrahepatic cell systems (Smerdová et al., 2014; Alhouayek et al., 2018).
Previous studies showed that CYP1A1, involved in transformation of xenobiotics to toxic metabolites, also metabolizes a broad spectrum of drugs and consequently account for drugs’ adverse effects. CYP1A1 metabolizes the class III antiarrhythmic drug amiodarone to desethyl amiodarone, the latter causes toxicity in multiple organs (Wu et al., 2016). Another substrate of CYP1A1 is the macrolide erythromycin used as an antiinfection agent or for gastrointestinal disease in ICUs (Zhou et al., 2019). Overexpression of CYP1A1 by Wnt5A may enhance erythromycin’s metabolism and thus affects its half-life leading to the persistence of infection and lack of drug efficiency. Likewise, enhanced CYP1A1 activity may increase the clearance of theophylline used in treatment of obstructive pulmonary disease (Sarkar and Jackson, 1994). In pathological states such as sepsis, cardiac arrhythmia associated with hypertension and chronic obstructive lung diseases, Wnt5A signaling is activated in the cardiovascular system (Pereira et al., 2008; Schulte et al., 2012; Daud et al., 2016; Abraityte et al., 2017a; Baarsma et al., 2017; Abraityte et al., 2017b). This stimulates further investigations to determine whether circulating Wnt5A concentration correlates with myocardial CYP1A1/CYP1B1 activity, drug availability and cardiotoxicity in these diseases.
A previous study showed transcriptional downregulation of CYP1B1 and upregulation of CYP1A1 in endothelial cells with homozygous null mutation of the β-catenin gene, isolated from E9.5 embryos (Ziegler et al., 2016). Several independent, previous studies established that endothelial cells derived from embryo exhibit high plasticity and therefore significantly differs in morphology and in response to signaling molecules compared with adult human vascular endothelial cells (Risau, 1995; Invernici et al., 2005; Földes et al., 2010). Accordingly, the aforesaid study involving endothelial cells from E9.5 embryos additionally demonstrated upregulation of CYP1B1 and unaltered expression of CYP1A1 in response to canonical Wnt3A conditioned medium by mouse brain microvascular endothelial cells. Furthermore, the aforesaid study showed that mouse brain microvascular endothelial cells respond to non-canonical Wnt5A-conditioned medium by decreasing CYP1B1 transcription (Ziegler et al., 2016). As the above study itself and several other previous studies proved, Wnt ligands regulate multiple signaling pathways depending on the availability of specific receptors and other mediators of the signaling pathway, cellular conditions, and the presence of natural inhibitors like sFRP and WIF1 (Pukrop and Binder, 2008; Kikuchi et al., 2012; Ziegler et al., 2016). In this manuscript, we show the transcriptional upregulation of CYP1A1 and CYP1B1 by exogenous Wnt5A in primary, coronary artery endothelial cells derived from adult human myocardium. Primary, coronary artery endothelial cells derived from adult human myocardium was chosen in this study to assess how Wnt5A regulates the drug metabolizing potential of myocardial vasculature because it is well established that vascular endothelial cells from different anatomical locations like brain and heart significantly differ in their response to signaling molecules (Aird, 2007).
In precision medicine, therapeutically modulating a specific characteristic of inflamed vascular endothelial cells by vascular-targeted nanocarriers is a potential strategy to reduce inter-individual variability in drug response and local toxicity (Eelen et al., 2015; Glassman et al., 2020). Therefore, targeting vascular endothelial CYP1A1 and CYP1B1 by their inhibitors loaded in nanocarriers conjugated with affinity ligands of inflamed endothelial markers may be a potential strategy to modulate myocardial pharmacokinetics of CYP1A1 and CYPB1 substrates in diseases associated with Wnt5A. Further, a precise knowledge on the regulation of pharmacokinetic pathways by specific inflammatory mediators may enable adapting drug dosage regimens according to the changes in inflammatory status of patients (Morgan, 2009) as has been postulated even in the case of emerging COVID-19 pandemic (El-Ghiaty et al., 2020). Most interesting in the latter context is the fact that medication proposed to target ACE2 (Wang et al., 2020) are metabolized through CYP1A1, and our observation that CYP1A1 but not ACE2 expression, is a target for transcriptional modulation by Wnt5A. Most recently, Wnt5A has been found significantly elevated in severe cases of COVID-19 (Choi et al., 2020), and endotheliitis was observed as major pathology in severe COVID-19 (Varga et al., 2020). Therefore, while targeting ACE2 with drugs that are substrates for CYP1A1, the modulation of those drugs’ pharmacokinetics by Wnt5A-inflamed cardiac vascular endothelial cells might occur and must be a focus of future studies. Drug metabolizing enzymes and transporters are also transcriptionally regulated by the xenobiotic receptors (XR) such as constitutive androstane receptor (CAR), the pregnane X receptor (PXR) and the aryl hydrocarbon receptor (AhR), which are mainly expressed in the liver (Mackowiak and Wang, 2016). It is noteworthy that their expression has been reported in vascular endothelial cells (Agbor et al., 2011). Therefore, whether their activation by endogenous compounds and drugs or xenobiotics transcriptionally regulate the phase I and phase II metabolizing enzymes or drug transporters in vascular endothelial cells during inflammation warrants further investigations. Moreover, in light of emerging evidences indicating that cytokine signaling pathways activate XR even in the absence of their xenobiotic activators (Mackowiak and Wang, 2016), the ability of Wnt5A/IL-1 signaling pathways to mediate XR activation in the absence of drugs/metabolites in pathological states needs to be further investigated.
In conclusion, this study shows for the first time that the proinflammatory mediator Wnt5A upregulates human coronary artery endothelial expression of CYP1A1 and CYP1B1 enzymes involved in phase I metabolism of a broad spectrum of drugs. Upregulated CYP1A1 and CYP1B1 expression is preserved during inflammatory crosstalk between Wnt5A and proinflammatory IL-1β in human coronary artery endothelial cells. These preliminary findings presented in this brief research report stimulate further studies on the critical roles of drug metabolizing potential of Wnt5A-inflamed adult human myocardial vasculature and the therapeutic benefits of vascular-targeted inhibitors of CYP1A1/CYP1B1 in modulating myocardial pharmacokinetics in Wnt5A-associated inflammatory diseases.
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Polyunsaturated fatty acids (PUFAs) are structural components of membrane phospholipids in cells. PUFAs regulate cellular function through the formation of derived lipid mediators termed eicosanoids. The oxygenation of 20-carbon PUFAs via the oxygenases cyclooxygenases, lipoxygenases, or cytochrome P450, generates a class of classical eicosanoids including prostaglandins, thromboxanes and leukotrienes, and also the more recently identified hydroxy-, hydroperoxy-, epoxy- and oxo-eicosanoids, and the specialized pro-resolving (lipid) mediators. These eicosanoids play a critical role in the regulation of inflammation in the blood and the vessel. While arachidonic acid-derived eicosanoids are extensively studied due to their pro-inflammatory effects and therefore involvement in the pathogenesis of inflammatory diseases such as atherosclerosis, diabetes mellitus, hypertension, and the coronavirus disease 2019; in recent years, several eicosanoids have been reported to attenuate exacerbated inflammatory responses and participate in the resolution of inflammation. This review focused on elucidating the biosynthesis and the mechanistic signaling of eicosanoids in inflammation, as well as the pro-inflammatory and anti-inflammatory effects of these eicosanoids in the blood and the vascular wall.
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1 INTRODUCTION
Eicosanoids are a family of fatty acid metabolites generated from 20-carbon polyunsaturated fatty acids (PUFAs) synthesized by enzymatic oxygenation pathways involving a distinct family of enzymes, the oxygenases (Khanapure et al., 2007). Eicosanoids are not stored, but promptly synthesized de novo after cell activation (Bozza et al., 2011) through a highly regulated event, primarily involving three oxygenases: cyclooxygenases (COXs), P450 cytochrome epoxygenases (CYP450), and lipoxygenases (LOXs) (Alvarez and Lorenzetti, 2021). The formed eicosanoids function to regulate a physiological response, including tissue homeostasis, pain, host defense, and inflammation (Esser-von Bieren, 2019). Due to the observed critical role of eicosanoids in physiological and pathological inflammation, they have been implicated in the pathogenesis of major diseases including cardiovascular disease, diabetes mellitus, hypertension, and more recently, the coronavirus disease 2019 (COVID-19) (Wang and Dubois, 2010; Fava and Bonafini, 2018; Hammock et al., 2020; Bosma et al., 2022). Although eicosanoids are usually associated with pro-inflammatory responses (Aoki and Narumiya, 2012), they are also known to play a key role in reducing inflammation by promoting the resolution of inflammation (Pan et al., 2022), limiting immune cell infiltration, and initiating tissue repair mechanisms (Serhan and Levy, 2018; Díaz Del Campo et al., 2022). This review focuses on the role of eicosanoids on inflammation in the blood and the vascular wall and discusses key discoveries related to the regulatory mechanism of these lipid mediators in inflammation in the blood vessel.
2 EICOSANOID BIOSYNTHESIS
The superclass of eicosanoids expressed in the blood includes classical eicosanoids, prostaglandins (PGs), leukotrienes (LTs), and thromboxanes (Txs), and the more recently discovered, specialized pro-resolving (lipid) mediators (SPMs), as well as hydroxy-, hydroperoxy-, epoxy-, and oxoeicosanoids (Fahy et al., 2009). The SPMs include lipoxins (LXs), resolvins, protectins (PD), their aspirin-triggered (AT) isomers, and maresins (MaR) (Chiang and Serhan, 2020). One of the best-studied classes of these lipid mediators are the eicosanoids derived from the 20-carbon PUFAs such as eicosapentaenoic acid (EPA; 20:5 ω-3), dihomo-γ-linolenic acid (DGLA; 20:3 ω-6), and arachidonic acid (AA; 20:4 ω-6) (Astarita et al., 2015) (Figure 1), with the last being the most abundant PUFA in the phospholipid of human cell membranes (Sonnweber et al., 2018). Regarding the newly discovered SPMs, LXs are generated from AA, E-series resolvins (RvEs) are synthesized from EPA, and D-series resolvins (RvDs), PDs, and MaRs are formed from docosahexaenoic acid (DHA; 22:6 ω-3) (Calder, 2020a; Chiang and Serhan, 2020) (Figure 2). The initial event of eicosanoid biosynthesis consists of cellular activation which leads to an increased influx of calcium; and subsequently, the translocation of cytoplasmic phospholipase A2 (cPLA2) to the membrane resulting in the cleavage of the PUFA from the sn-2 position of the glycerophospholipid (Dennis et al., 2011) to be further oxygenated by respective enzymes. Eicosanoid biosynthesis differs between the type of PUFA being oxidized and the enzymes metabolizing those PUFAs. The freed PUFAs can be oxygenated by several enzymes including COXs, LOXs and CYP450s (Hajeyah et al., 2020) (Figure 1). An alternative biosynthesis pathway forming the AT-isomers can be triggered by aspirin. For example, in the presence of aspirin, AA and EPA form 15(R)-HpETE and 18(R)-HpEPE, respectively (Calder, 2020a) (Figure 2).
[image: Figure 1]FIGURE 1 | Eicosanoid biosynthesis in the blood and the vessel upon an inflammatory stimulus. AA: arachidonic acid; COX-1: cyclooxygenase-1; COX-2: cyclooxygenase-2; cPLA2: cytoplasmic phospholipase A2; CYP450: P450 cytochrome epoxygenase; CysLTs: cysteinyl leukotrienes; DGLA: dihomo-γ-linolenic acid; EPA: eicosapentaenoic acid; LTA4: leukotriene A4; LTB4: leukotriene B4; LTC4: leukotriene C4; LTD4: leukotriene D4; LTE4: leukotriene E4; PGD1: prostaglandin D1; PGD2: prostaglandin D2; PGD3: prostaglandin D3; PGE1: prostaglandin E1; PGE2: prostaglandin E2; PGE3: prostaglandin E3; PGI2: prostaglandin I2 or prostacyclin; PGI3: prostaglandin I3; TxA1: thromboxane A1; TxA2: thromboxane A2; TxA3: thromboxane A3; 5(S)-HEPE: 5(S)-hydroxyeicosapentaenoic acid; 5(S)-HpEPE: 5(S)-hydroperoxyeicosapentaenoic acid; 5(S)-HETE: 5(S)-hydroxyeicosatetraenoic acid; 5(S)-HpETE: 5(S)-hydroperoxyeicosatetraenoic acid; 5-LOX: 5-lipoxygenase; 5,6-EET: 5,6-epoxyeicosatrienoic acid; 8,9-EET: 8,9-epoxyeicosatrienoic acid; 8,9-EETeTr: 8,9-epoxyeicosatetraenoic acid; 11,12-EET: 11,12-epoxyeicosatrienoic acid; 11,12-EETeTr: 11,12-epoxyeicosatetraenoic acid; 12(S)-HETE: 12(S)-hydroxyeicosatetraenoic acid; 12(S)-HpETE: 12(S)-hydroperoxyeicosatetraenoic acid; 12(S)-HETE: 12(S)-hydroxyeicosatetraenoic acid; 12(S)-HpETE: 12(S)-hydroperoxyeicosatetraenoic acid; 12(S)-HETrE: 12(S)-hydroxyeicosatrienoic acid; 12(S)-HpETrE: 12(S)-hydroperoxyeicosatrienoic acid; 12-LOX: 12-lipoxygenase; 14,15-EET: 14,15-epoxyeicosatrienoic acid; 14,15-EETeTr: 14,15-epoxyeicosatetraenoic acid; 15-LOX: 15-lipoxygenase; 15(S)-HETE: 15(S)-hydroxyeicosatetraenoic acid; 15(S)-HpETE: 15(S)-hydroperoxyeicosatetraenoic acid; 15(S)-HETE: 15(S)-hydroxyeicosatetraenoic acid; 15(S)-HpETE: 15(S)-hydroperoxyeicosatetraenoic acid; 15(S)-HETrE: 15(S)-hydroxyeicosatrienoic acid; 15(S)-HpETrE: 15(S)-hydroperoxyeicosatrienoic acid; 17,18-EETeTr: 17,18-epoxyeicosatetraenoic acid; 18(R)HpEPE: 18(R)-hydroperoxyeicosapentaenoic acid; 18(R)-HEPE: 18(R)-hydroxyeicosapentaenoic acid; 19-HEPE: 19-hydroxyeicosapentaenoic acid; 20-HEPE: 20-hydroxyeicosapentaenoic acid; 20-HETE: 20-hydroxyeicosatetraenoic acid.
[image: Figure 2]FIGURE 2 | Transcellular biosynthesis of eicosanoids in the blood and the vascular wall. AA: arachidonic acid; COX-2: cyclooxygenase-2; CYP450: P450 cytochrome epoxygenase; DHA: docosahexaenoic acid; EPA: eicosapentaenoic acid; LTA4: leukotriene A4; LXs: lipoxins; LXA4: lipoxin A4; LXB4: lipoxin B4; MaR1: maresin 1; PD1/NPD1: protectin D1/neuroprotectin D1; RvD1-2: resolvin D1-2; RvD3-4: resolvin D3-4; RvD5: resolvin D5; RvD6: resolvin D6; RvE1: resolvin E1; RvE2: resolvin E2; RvE3: resolvin E3; RvE4: resolvin E4; 5-LOX: 5-lipoxygenase; 12(S)-LOX: 12(S)-lipoxygenase; 14(S)-HpDHA: 14(S)-hydroperoxydocosahexaenoic acid; 15-LOX: 15-lipoxygenase; 15(S)-HEPE: 15(S)-hydroxyeicosapentaenoic acid; 15(S)-HpEPE: 15(S)-hydroperoxyeicosapentaenoic acid; 15(S)-HETE: 15(S)-hydroxyeicosatetraenoic acid; 15(S)-HpETE: 15(S)-hydroperoxyeicosatetraenoic acid; 15-epi-LXs: 15-epi-lipoxins; 17(S)-HDHA: 17(S)-hydroxydocosahexaenoic acid; 17(S)-HpDHA: 17(S)-hydroperoxydocosahexaenoic acid; 18(R)-HEPE: 18(R)-hydroxyeicosapentaenoic acid; 18(R)-HpEPE: 18(R)-hydroperoxyeicosapentaenoic acid.
2.1 The cyclooxygenase-dependent synthesis
Cyclooxygenases are a widely distributed enzyme in mammalian tissues and exist in two isoforms, COX-1 and COX-2 (Vane et al., 1998). The activation of COX leads to the generation of PGs and Txs, which are collectively named as prostanoids. COX oxygenates AA into series 2 PGs (PGD2, PGE2, PGI2, and TxA2) (Figure 1). Series 1 PGs (PGD1, PGE1, and TxA1) and series 3 PGs (PGD3, PGE3, PGI3, and TxA3,) are produced from the oxygenation of DGLA and EPA, respectively (Lagarde et al., 2013; Sergeant et al., 2016) (Figure 1).
In patients taking aspirin, COX-2 is involved in the formation of LXs and RvEs through transcellular biosynthesis (Figure 2). In endothelial cells, aspirin causes an irreversible acetylation of COX-2, which oxygenates AA to form 15(R)-hydroxyeicosatetraenoic acid (15(R)-HETE) and EPA to form 18(R)-hydroxyeicosapentaenoic acid (18(R)-HEPE). While 15(R)-HETE is further used by adherent leukocyte and other endothelial cells to form the 15-epimeric-LXs (15-epi-LXs) (Fu et al., 2020), 18(R)-HEPE is further metabolized into RvE1 and RvE2. It is important to mention that 18(R)-HEPE can also be formed through oxygenation of EPA by CYP450s (Serhan and Petasis, 2011).
2.2 The lipoxygenase-dependent synthesis
Lipoxygenases are a family of nonheme iron-containing enzymes (Kuhn et al., 2015) which are categorized accordingly to their positional specificity of AA oxygenation: 5-LOX, 12-LOX, and 15-LOX. LOX isozymes are further characterized by tissue expression and stereospecificity (S or R), such as the platelet-type 12-(S)-LOX and the epithelial 12-(R)-LOX (Brash, 1999), as an example. Regarding the expression of LOXs in the blood, 12(S)-LOX is only expressed in platelets and 15-LOX-1 is expressed in eosinophils, monocytes, macrophages, and reticulocytes (Jiang et al., 2006). The expression of 5-LOX is found in myeloid cells including neutrophils, macrophages, monocytes and basophils (Yeung et al., 2017).
The LOXs are able to oxygenate AA to form hydroperoxyeicosatetraenoic acids (HpETEs) (Figure 1), which are rapidly converted to hydroxy derivative HETEs in the blood (Tourdot and Holinstat, 2017). In a similar manner, the LOX-derived eicosanoids from DGLA and EPA are converted to hydroperoxyeicosatrienoic acids (HpETrEs) and hydroperoxyeicosapentaenoic acids (HpEPEs), which are further hydrolyzed to hydroxyeicosatrienoic acids (HETrEs) and hydroxyeicosapentaenoic acids (HEPEs), respectively (Yeung et al., 2017). 5-LOX is best known for its ability to produce LTs (Figure 1). The oxygenation of AA by 5-LOX generates 5(S)-HpETE, which is further converted to the unstable leukotriene A4 (LTA4). This intermediate eicosanoid is either converted to the leukotriene B4 (LTB4) or leukotriene C4 (LTC4) in cells that possess LTC4 synthase activity, such as platelets and endothelial cells, and sequential degradation of the LTC4 by peptidases forms LTD4 and LTE4 (Figure 1). These three products, LTC4, LTD4, and LTE4, are collectively named cysteinyl LTs (cysLTs). The production of cysLTs appears to be restricted to leukocytes, including eosinophils, basophils, and macrophages. However, under inflammatory stimulus, transcellular activity can result in cysLTs formation in endothelial cells (Feinmark and Cannon, 1986). This mechanism favors cells unable to produce LTA4, such as vascular endothelial cells, platelets and blood peripheral monocytes, to use LTA4 generated from surrounding cells (such as leukocytes) to produce LTC4 and the other cysLTs (Colazzo et al., 2017). LTA4 can also be used by other cells in the blood to form the LXs. Lipoxins A (LXA4) and B (LXB4) are formed through a transcellular mechanism between polymorphonuclear leukocytes (PMNs) (5-LOX) and platelets (12(S)-LOX) (Recchiuti and Serhan, 2012). In addition to the transcellular mechanism, lipoxins are synthesized from AA via 15-LOX in neutrophils and monocytes. In these cells, AA is converted to 15(S)-hydroperoxyeicosatetraenoic acid (15(S)-HpETE), which is subsequently converted to lipoxins A and B (Chandrasekharan and Sharma-Walia, 2015) (Figure 2).
The LOXs are also involved in the biosynthesis of others SPMs derived from DHA and EPA. The D-series resolvins 1–6 (RvD1-RvD6) are SPMs derived from the DHA-derived 17(S)-hydroperoxydocosahexaenoic acid (17(S)-HpDHA), which is synthesized through the oxygenation of DHA by 5-LOX in PMNs and macrophages (Serhan and Levy, 2018) (Figure 2). DHA is also a precursor for the maresins (MaR) and protectins. Maresin 1 (MaR1) is generated from the precursor DHA-derived 14(S)-hydroperoxydocosahexaenoic acid (14(S)-HpDHA) and its biosynthesis was first described in human macrophages via 12-LOX-mediated biosynthesis (Serhan et al., 2009). MaR1 is also synthesized during platelet-PMN interactions (Serhan and Levy, 2018). In leukocytes, the biosynthesis of the protectin D1/neuroprotectin D1 (PD1/NPD1) has the DHA-derived 17(S)-HpDHA as the intermediate precursor and it occurs via a 15-LOX-mediated pathway (Serhan et al., 2015; Chiang and Serhan, 2020) (Figure 2). Also in leukocytes, aspirin triggers the biosynthesis of the DHA-derived aspirin-triggered neuroprotection D1/protectin D1 [AT-(NPD1/PD1)] (Serhan et al., 2011a; Serhan et al., 2015). The E-series resolvins 1–4 (RvE1-4) are generated from a common precursor, the EPA-derived 18(R)-hydroxyeicosapentaenoic acid (18(R)-HEPE) (Figure 2). RvE1 and RvE2 are synthesized by PMNs via the 5-LOX pathway, whereas RvE3 is synthesized by eosinophils via the 12/15-LOX pathways (Serhan and Petasis, 2011; Isobe et al., 2012). Currently, the synthesis of RvE4 has only been shown in in vitro studies using purified recombinant human 5-LOX and 15-LOX (Serhan and Petasis, 2011; Libreros et al., 2020).
2.3 The cytochrome P450-dependent synthesis
CYP450s belong to a family of heme-containing monooxygenases (Cook et al., 2016) that are known for their role in the metabolism of eicosanoids from PUFAs (Zhao et al., 2021). CYP epoxygenase metabolizes AA into epoxyeicosatrienoic acids (EETs) (Figure 1). Four regioisomeric cis-epoxyeicosatrienoic acids have been described: 5.6-, 8.9-, 11.12-, and 14,15-EET. Upon hydration by soluble epoxide hydrolase (sEH), EETs are rapidly converted to more stable and less biologically active metabolites, dihydroxyeicosatrienoic acids (DHETs) (Spiecker and Liao, 2005). Additionally, members of the CYP4A and CYP4F subfamilies also oxygenate AA to produce 20-hydroxyeicosatetraenoic acid (20-HETE) (Arnold et al., 2010) (Figure 1), which undergoes additional oxidation to 20-hydroxy-prostaglandin G2 and H2 (Schwartzman et al., 1989; Kaduce et al., 2004; Hoxha and Zappacosta, 2020). EPA can also be a substrate for CYP450 catalysis. The major CYP450-dependent metabolites derived from EPA include epoxyeicosatetraenoic acids (EETeTrs, 5.6-, 8.9-, 11.12-, and 14,15-EETeTrs), 19- and 20-hydroxyeicosapentaenoic acids (19- and 20-HEPE) (Figure 1).
3 EICOSANOID MODE OF ACTION
3.1 Prostanoid receptors
PGs exert their biological effects in the blood in an autocrine and paracrine manner by activating their respective cell surface G protein-coupled receptors (GPCRs) (Ricciotti and FitzGerald, 2011; Biringer, 2021). There are at least eight known prostanoid receptor subfamilies in the blood and the vascular wall (Funk, 2001) (Table 1). Four of the receptor subtypes bind PGE2, E prostanoid receptor (EP) 1, EP2, EP3, and EP4 in platelets and vascular smooth muscle cells (VSMCs) and two bind PGD2 (DP1 and DP2) (Aoki and Narumiya, 2012). While PGF2α binds to FP, the PGI2 and TxA2 receptors are known as IP and TP, respectively (Wang and Dubois, 2010). The IP is expressed in the endothelium, VSMCs and platelets. There are two isoforms of human TP (TPα, TPβ) in platelets, vascular smooth muscle cells, and macrophages, and FP (FPA, FPB) in VSMCs (Ricciotti and FitzGerald, 2011; Gilroy and Bishop-Bailey, 2019). DP2 is also known as a chemoattractant receptor-homologous molecule (CRTH/DP2) expressed in T helper 2 cells, that responds to PGD2 but belongs to the family of chemokine receptors (Ricciotti and FitzGerald, 2011; Aoki and Narumiya, 2012).
TABLE 1 | The signal transduction of the eicosanoid receptors.
[image: Table 1]The prostanoid receptors couple to a range of intracellular signaling pathways that mediate the effects of receptor activation in the cell (Table 1). While EP2, EP4, IP, and DP1 receptors activate adenylyl cyclase (AC) via Gαs, increasing intracellular cyclic adenosine monophosphate (cAMP) and protein kinase A (PKA) activity, EP1, FP, and TP activate phosphatidylinositol metabolism via Gαq, leading to the formation of inositol triphosphate (IP3) via the mobilization of intracellular free calcium (Ca2+) (Huang et al., 2004a). In addition to signaling through Gαq, the FP and TP receptors couples to the small G-protein Rho via a Gα12/13-dependent mechanism (Ricciotti and FitzGerald, 2011). EP3 isoforms can couple via Gαi or Gα12 to elevate intracellular Ca2+, inhibit cAMP generation, and activate Rho (Ricciotti and FitzGerald, 2011). The DP2 couples to a Gαi to inhibit cAMP synthesis and increase intracellular Ca2+ (Schuligoi et al., 2010).
3.2 Leukotriene receptors
There are four known LT receptors subfamilies (Table 1). Two GPCRs are known to be associated with LTB4, leukotriene B4 receptor (BLT) BLT1 and BLT2. While BLT1 is known to be expressed on a number of blood cells including leukocytes (Yokomizo et al., 1997), eosinophils (Tager et al., 2000), cluster of differentiation (CD) 4+ and CD8+ effector T cells (Goodarzi et al., 2003; Tager et al., 2003), dendritic cells (Toda et al., 2010) and macrophages (Serezani et al., 2011), BLT2 is expressed ubiquitously in leukocytes, with high expression in mononuclear cells, such as CD8+ and CD4+ T-cells, and CD14+ monocytes (Toda et al., 2002). In leukocytes, BLT1 is coupled to the pertussis toxin-sensitive G protein (Gαi) and its activation by LTB4 promotes Ca2+ mobilization, leukocyte chemotactic migration and lysosomal release (Goldman et al., 1985). In monocytes, both BLT1 and BLT2 have been reported to couple to Gαi to induce phosphorylation of mitogen-activated protein kinases (MAPKs) and PI3K/Akt (phosphatidylinositol 3-kinase/protein kinase B, Akt is also known as protein kinase B (PKB)), and nuclear factor-κB (NF-κB) activation (Sánchez-Galán et al., 2009). However, in human umbilical vein endothelial cells (HUVECs) LTB4 increases HUVEC adhesiveness for polymorphonuclear neutrophils (PMNs) through the increase of intracellular Ca2+, but it does not depend on pertussis toxin-sensitive G proteins (Palmblad et al., 1994). The BLT2 receptor is considered to be a receptor for several oxidized fatty acids, including 12-hydroxyheptadecatrienoic acid (12-HHT) and hydroxyeicosatetraenoic acids (HETEs) (Yokomizo et al., 2000) and in the blood vessel, BLT2 is expressed in endothelial cells (Yokomizo et al., 2018).
CysLTs regulate cell function through the cysteinyl leukotriene receptors CysLT1 and CysLT2 (Funk, 2001) (Table 1). CysLT1 is known as a high-affinity receptor for LTD4, whereas CysLT2 has similar affinity to LTC4 and LTD4 (Woszczek et al., 2007). Duah et al. (Duah et al., 2013) has demonstrated that while CysLT1 activation elicits proliferation of endothelial cells via extracellular signal-regulated kinase (ERK) phosphorylation, activation of CysLT2 increases intracellular Ca2+ and leads to endothelial cell contraction and barrier disruption via the Rho kinase pathway. Moreover, the in vitro activation of CysLT1 by LTD4 in monocyte/macrophage U937 cells produces second intracellular messengers through phospholipase Cβ (Crooke et al., 1989). LTD4 induces Ca2+ response via the pertussis toxin-sensitive G protein (Gαi/o) in these cells (Pollock and Creba, 1990; Capra, 2004). In addition, LTC4 has been shown to activate CysLT2 in mouse platelets ex vivo to induce α-granule and TxA2 secretion (Capra et al., 2003; Cummings et al., 2013). In endothelial cells, CysLT2 couples to Gαq/11 to activates PLCβ and IP3 signaling, and increase intracellular Ca2+ release, in response to interferon-γ (IFN-γ) stimulation in vitro (Woszczek et al., 2007).
3.3 Epoxyeicosatrienoic acid receptors
The CYP-derived epoxyeicosatrienoic acids (EETs) activates peroxisome proliferator-activated receptor γ (PPARγ) in endothelial cells in the presence of an epoxide hydrolase-specific inhibitor (Liu et al., 2005). Additionally, EETs inhibit the NF-κB activation and attenuate the NF-κB-dependent inflammatory responses by reducing cytokine-induced leukocyte adhesion to the vasculature (Node et al., 1999). Some vascular-related actions of the EETs include the activation of the signal transducer and activator of transcription 3 (STAT3) (Table 1). Specifically, 14,15-EET stimulates the tyrosine phosphorylation of STAT3 and its translocation from the cytoplasm to the nucleus to bind to vascular endothelial growth factor (VEGF) promoter in a Src-STAT3 activation signaling-dependent manner, which leads to VEGF expression and angiogenesis (Cheranov et al., 2008).
3.4 Hydroxyeicosanoid receptors
Hydroxyeicosanoids are known to activate cells through a number of mechanisms including activation of GPCRs. The ω-6-derived 12(S)-HETrE inhibits platelet function through selectively binding to the Gαs-coupled prostacyclin receptor and activates a PKA-dependent signaling pathway (Tourdot et al., 2017) (Table 1). More recently, Cebo et al. has suggested that 12(S)-HETrE promotes C-X-C chemokine receptor type 7 (ACKR3, also known as CXCR7) ligation coordinated with IP to trigger the cAMP-PKA signaling pathway. Enhanced platelet expression of the chemokine receptor ACKR3/CXCR7 has been reported in coronary artery disease patients with reduced platelet aggregation (Cebo et al., 2022).
The eicosanoid 12(S)-HETE acts through binding to the G-coupled protein receptor 31 (GPR31) in platelets and human umbilical vein endothelial cells (HUVECs) (Van Doren et al., 2021) (Table 1). In platelets, 12(S)-HETE-GPR31 signals through Gαi to induce platelet activation and thrombosis. Activation of the GPR31 inhibits AC activity and results in Ras-related protein 1 (Rap1) and p38 activation (Van Doren et al., 2019). 20-HETE affects vascular function by binding to G-protein coupled receptor 75 (GPR75) coupled to Gαq/11 in endothelial cells which results in PLC-IP3-mediated increases in intracellular Ca2+ (Garcia et al., 2017), activation of the Rho kinase (Randriamboavonjy et al., 2003) and the mitogen activated protein (MAP) kinase pathways (Muthalif et al., 2000) (Table 1). Additionally, studies have demonstrated that 20-HETE stimulates the production of inflammatory cytokines, including interleukin-8 (IL-8), IL-13, IL-4, and PGE2, in endothelial cells via activation of NF-kB and MAPK/ERK signaling pathways (Ishizuka et al., 2008), resulting in endothelial cell activation and endothelial dysfunction (Singh et al., 2007). In addition to regulation of the cells through activation of GPCRs, hydroxyeicosanoids, such as 11(S)-HpDPAω-6 and 14(S)-HpDPAω-6 selectively activate PPARα in platelets ex vivo which results in inhibition of PKC activity and reduction in Ca2+ mobilization (Yeung et al., 2020) (Table 1).
3.5 Specialized pro-resolving (lipid) mediator receptors
Recent studies have shown that the SPMs also exert their effects in the blood to regulate inflammation through GPCRs (Table 1). These receptors are typically able to interact with more than one SPM and conversely some SPMs are able to interact with several receptors, leading to some overlapping downstream signals and pathways. RvE1 binds to BLT1 on neutrophils (Arita et al., 2007), to the chemokine-like receptor 1 (ChemR23) and to the resolvin E1 receptor (ERV1) on monocyte/macrophages (Freire et al., 2017), platelets (Fredman et al., 2010), neutrophils (Chiang and Serhan, 2020), and VSMCs (Ho et al., 2010). The activation of BLT1 by RvE1 induces phosphorylation of the ribosomal protein S6 (rS6) in neutrophils (Freire et al., 2017), as well as RvE1 activation of ERV1/ChemR23, which results in phosphorylation of Akt and rS6 to enhance phagocytosis by human macrophages (Ohira et al., 2010). Additionally, treatment of HEK-ChemR23 cells with pertussis toxin inhibited RvE1-dependent ERK activation (Serhan et al., 2011b). Although it was shown in HEK cells, the pertussis toxin-sensitive G protein (Gαi/o)-dependent pathway has already been shown to be activated by LTD4 in macrophages, suggesting that ChemR23 might couple to a Gαi/o to activate intracellular signaling in cells in the blood.
Regarding the D-series resolvins, while in human VSMCs RvD1 binds to the formyl peptide receptor 2 (ALX/FPR2) (also known as LXA4 receptor) (Ho et al., 2010), studies have suggested that RvD1 may interact with two GPCRs the ALX/FPR2 and the G-protein coupled receptor 32 (GPR32) in leukocytes and platelets (Krishnamoorthy et al., 2010; Lannan et al., 2017). Notably, lipoxins have been found to interact with the same receptors as RvD1, the ALX/FPR2 and GPR32 receptors (Chandrasekharan and Sharma-Walia, 2015). Recently, RvD2 was shown to bind to the G protein-coupled receptor 18 (GRP18) in leukocytes, including PMN, monocytes, and macrophages (Chiang et al., 2015). In macrophages, activation of GRP18 by RvD2 leads to cAMP release and phosphorylation of select kinases and transcription factors, such as cAMP-response element binding protein (CREB) and STAT3 (Chiang and Serhan, 2020). The RvD5 was described to activate the RvD1 receptor GPR32 in leukocytes and macrophages to reduce the expression of NF-κB (Chiang et al., 2012) (Table 1).
The MaR1 activates the leucine-rich repeat-containing G protein-coupled receptor 6 (LGR6) in neutrophils and macrophages/monocytes to increase the phosphorylation of CREB and ERK (Chiang et al., 2019; Chiang and Serhan, 2020). Moreover, studies have shown that MaR1 suppresses NF-κB activation in VSMC and vascular endothelial cells in vitro (Chatterjee et al., 2014; Akagi et al., 2015). PD1/NPD1 binds to the G protein-coupled receptor 37 (GPR37) to increase intracellular Ca2+ in macrophages (Chiang and Serhan, 2020) (Table 1).
4 PRO-INFLAMMATORY EICOSANOIDS IN THE BLOOD AND THE VESSEL
4.1 Prostaglandin E2
PGs play a key role in the generation of the inflammatory response (Ricciotti and FitzGerald, 2011). They are ubiquitously produced and act as autocrine and paracrine lipid mediators to maintain local hemostasis in the body (Funk, 2001). While PG production is generally very low in uninflamed tissues, it increases immediately in acute inflammation before the recruitment of leukocytes and the infiltration of immune cells (Ricciotti and FitzGerald, 2011). In the blood vessel, one member of the PG family, PGE2, is synthesized mainly by platelets and macrophages (Cook, 2005). PGE2 has vasodilation effects and increases the permeability of postcapillary venules, early events in the inflammatory response (Funk, 2001) (Figure 3). Furthermore, PGs may synergize in the blood vessel with other pro-inflammatory mediators, such as histamine or bradykinin, to increase vascular permeability and promote edema (Funk, 2001; Khanapure et al., 2007).
[image: Figure 3]FIGURE 3 | Pro-inflammatory effects of eicosanoids in the blood and the vascular wall. AA: arachidonic acid; COX: cyclooxygenase; CYP450: P450 cytochrome epoxygenase; CysLTs: cysteinyl leukotrienes; LTB4: leukotriene B4; MCP-1: monocyte chemoattractant protein-1; PGE2: prostaglandin E2; TxA2: thromboxane A2; VSMC: vascular smooth muscle cell; 5-LOX: 5-lipoxygenase; 12(S)-LOX: 12(S)-lipoxygenase; 12(S)-HETE: 12(S)-hydroxyeicosatetraenoic acid; 15-LOX: 15-lipoxygenase; 15(S)-HETE: 15(S)-hydroxyeicosatetraenoic acid; 20-HETE: 20-hydroxyeicosatetraenoic acid.
4.2 Thromboxane A2
TxA2 is synthesized by macrophages and monocytes on the blood, and in large quantities by platelets (Cook, 2005; Ricciotti and FitzGerald, 2011; Yeung and Holinstat, 2011). Although TxA2 is an unstable compound with a half-life of 20–30 s (Cook, 2005), it has a wide range of effects on the blood vessel (Figure 3). TxA2 is a potent vasoconstrictor and VSMC mitogen. It is produced by aggregating platelets and acts as a direct platelet activator in addition to amplifying the platelet response to other platelet agonists (Praticò and Dogné, 2009).
4.3 Leukotrienes
4.3.1 Cysteinyl leukotrienes
CysLTs are potent pro-inflammatory mediators produced during vascular injury (Colazzo et al., 2017). The cysLTs induce eosinophil and monocyte chemotaxis and activation (Funk, 2001), potentiate platelet activation (Yeung et al., 2017), promote vascular smooth muscle constriction and increase vascular permeability in post-capillary venules (Poeckel and Funk, 2010) (Figure 3). Duah et al. (Duah et al., 2013) demonstrated that LTC4 and LTD4 regulate endothelial cell function in vitro through the increase of endothelial contraction and induction of barrier disruption in the endothelial cell monolayer. In the same study, they also demonstrated that the cysLTs are able to promote attachment of leukocytes to the endothelial monolayer.
4.3.2 Leukotriene B4
Although most attention has been focused on the COX-dependent pathway of the prostanoids’ biosynthesis, the 5-LOX-catalyzed oxygenation of AA play a role in inflammation through the formation of LTs (Poeckel and Funk, 2010). The 5-LOX pathway has long been recognized as a pro-inflammatory cascade and LTs are lipid mediators involved in inflammation and chemotaxis (Funk, 2001). Expression of 5-LOX is usually absent under normal physiologic conditions, but is induced by pro-inflammatory stimuli. Leukotriene B4 (LTB4) is a potent chemotactic effect on leukocytes (Yokomizo et al., 2018) and has been implicated in atherosclerosis (Bäck et al., 2005; Ketelhuth et al., 2015). In vivo and in vitro studies have shown that LTB4 promotes neutrophil chemotaxis, traffic and adhesion of monocytes to vascular endothelial cells (Friedrich et al., 2003), and increases the formation of monocyte chemoattractant protein-1 (MCP-1) (Huang et al., 2004b) (Figure 3).
4.4 Hydroxyeicosanoids
4.4.1 12(S)-Hydroxyeicosatetraenoic acid
The early studies with 12(S)-hydroxyeicosatetraenoic acid (12(S)-HETE) had described anti-inflammatory, antiplatelet and anti-thrombotic effects (Fonlupt et al., 1991; Lagarde et al., 2018). However, most recent studies have shown that 12(S)-HETE potentiates platelet activation, thrombin generation, and calcium mobilization in the platelet (Yeung and Holinstat, 2011) (Figure 3). Furthermore, in vitro treatment of human aortic endothelial cells with 12(S)-HETE increased monocyte binding to endothelial cells (Patricia et al., 1999).
4.4.2 20-Hydroxyeicosatetraenoic acid
The role of 20-hydroxyeicosatetraenoic acid (20-HETE) in the regulation of vascular tone and homeostasis promoting a prohypertensive response is due to its potent vasoactive effect (Miyata and Roman, 2005). 20-HETE causes vasoconstriction through its regulation of intracellular signaling (Muthalif et al., 2000) and membrane depolarization (Obara et al., 2002) in smooth muscle cells. Furthermore, studies have demonstrated that 20-HETE stimulates the production of inflammatory cytokines, including IL-8, IL-13, IL-4, and PGE2, in endothelial cells (Ishizuka et al., 2008) resulting in endothelial cell activation and endothelial dysfunction (Singh et al., 2007) (Figure 3).
5 ANTI-INFLAMMATORY EICOSANOIDS IN THE BLOOD AND THE VESSEL
5.1 Prostaglandins
Prostacyclin (PGI2) has been characterized to inhibit platelet aggregation and exerts vasodilator functions, as well as counterbalancing the actions of TxA2 (Schmid and Brüne, 2021) (Figure 4). It is produced primarily by vascular endothelial and VSMCs, but other cells such as fibroblasts and dendritic cells also synthesize PGI2 (Dorris and Peebles, 2012). PGI2 inhibits LPS-induced expression of pro-inflammatory cytokines in macrophages, dendritic cells, T cells and endothelial cells (Luttmann et al., 1996; Zhou et al., 2007a; Zhou et al., 2007b; Di Francesco et al., 2009). PGI2 can synergize with the anti-inflammatory cytokines IL-4 and IL-13 to selectively inhibit the release of pro-inflammatory cytokines from human peripheral mononuclear blood cells (Luttmann et al., 1999). Under inflammatory conditions including atherosclerosis, the production of PGI2 may increase, and this has been commonly considered a protective mechanism. Nonetheless, due to PGI2 acting mainly on TP receptors in vessels with limited IP receptor expression, an increase of its synthesis may lead to increased endothelium-derived vasoconstrictor activity (Luo et al., 2016).
[image: Figure 4]FIGURE 4 | Anti-inflammatory effects of eicosanoids in the blood and the vessel wall. AA: arachidonic acid; DGLA: dihomo-γ-linolenic acid; DHA: docosahexaenoic acid; EETs: epoxyeicosatrienoic acids; EPA: eicosapentaenoic acid; COX: cyclooxygenase; COX-1: cyclooxygenase-1; COX-2: cyclooxygenase-2; CYP450: cytochrome epoxygenase; ICAM-1: intercellular adhesion molecule 1; IFN-γ: interferon-γ; LTs: leukotrienes; LTB4: leukotriene B4; LXs: lipoxins; MaR1: maresin 1; Nrf2: nuclear factor-erythroid factor 2-related factor 2; PD1/NPD1: protectin D1/neuroprotectin D1; PGD2: prostaglandin D2; PGD3: prostaglandin D3; PGE1: prostaglandin E1; PGI2: prostaglandin I2 or prostacyclin; PGI3: prostaglandin I3; PMN: polymorphonuclear leukocytes; RvDs: D-series resolvins; RvEs: E-series resolvins; ROS: reactive oxygen species; TNFα: tumor necrosis factor α; VCAM-1: vascular cell adhesion molecule 1; 12-HEPE: 12-hydroxyeicosapentaenoic acid; 15-HEPE: 15-hydroxyeicosapentaenoic acid; 5-HETE: 5-hydroxyeicosatetraenoic acid; 5-LOX: 5-lipoxygenase; 12-LOX: 12-lipoxygenase; 12(S)-HETrE: 12(S)-hydroxyeicosatrienoic acid; 15-LOX: 15-lipoxygenase; 15-HEPE: 15(S)-hydroxyeicosapentaenoic acid; 15-HETE: 15(S)-hydroxyeicosatetraenoic acid; 15(S)-HETrE: 15(S)-hydroxyeicosatrienoic acid.
Series 1 and series 3 PGs are well-known to inhibit platelet activity both in vivo and in vitro (Lagarde et al., 2013; Sergeant et al., 2016). PGE1 has been considered of biological interest as strong inhibitor of platelet function (Minno et al., 1979; Colman and Figures, 1984), whereas PGD3 effectively oppose the transmigration of neutrophils on endothelial cells promoted by PGD2 (Tull et al., 2009). Thus, PGD3 and PGI3 have been exhibited potent anti-aggregatory effect in vitro in human platelet experiments (Whitaker et al., 1979; Fischer and Weber, 1985) (Figure 4).
5.2 Specialized pro-resolving (lipid) mediators
5.2.1 Lipoxins
The lipoxins A (LXA4) and B (LXB4) were two of the first SPMs to be identified and play a critical role in the down-regulation of acute inflammation and enhancement of resolution (Serhan, 2005). LXs increase monocyte chemotaxis and adherence, without causing degranulation or elevation of reactive oxygen species (ROS) (Scalia et al., 1997). It has been established that LXs regulate anti-inflammatory signaling in vascular homeostasis through the stimulation of PGI2 secretion by human endothelial cells (Brezinski et al., 1989) (Figure 4).
5.2.2 D-series resolvins
Upon vascular injury, the resolvins D1 (RvD1) and D2 (RvD2) have been shown to regulate VSMC phenotypic response, including inhibition of proliferation, migration, monocyte adhesion, ROS production, and inflammatory cytokine expression (Miyahara et al., 2013) (Figure 4). Using mass spectrometry approaches, Cherpokova et al. (Cherpokova et al., 2019) has identified the kinetics of the formation of SPMs in the clot using a deep vein thrombosis animal model. In the same study, administration of RvD4 reduced thrombus burden, with less neutrophil infiltration and more pro-resolving monocytes in the clot. RvD5 promotes pro-resolving effects through enhancement of phagocytosis and reduction of expression of tumor necrosis factor α (TNFα) in neutrophils and macrophages (Chiang et al., 2012; Werz et al., 2018).
5.2.3 E-series resolvins
The resolvin E1 (RvE1) was the first isolated and studied E-series resolvin and possesses anti-inflammatory and pro-resolving actions (Serhan and Petasis, 2011). In the blood, RvE1 has been shown to negatively regulate leukocytes in vivo and platelets ex vivo (Figure 4), by reducing U46619-, a TP receptor agonist, and ADP-stimulated platelet aggregation, and TxA2 generation (Dona et al., 2008), suggesting that RvE1 might inhibit P2Y12 receptor in platelets. Currently, P2Y12 receptor antagonists are used in association with aspirin as the most widely used antiplatelet therapy in cardiovascular diseases (Jackson and Schoenwaelder, 2003). In addition, RvE1 initiates resolution of inflammation through repolarization of human M1 macrophages toward resolution-type macrophages (Herová et al., 2015). Since RvE1 activates the BLT1 receptor in neutrophils, LTB4 action is inhibited which reduces LTB4-pro-inflammatory responses (Arita et al., 2007) (Figure 4).
RvE2 has also been reported to promote anti-inflammatory and pro-resolving effects through ex vivo inhibition of PMN chemotaxis and enhancement of nonphlogistic phagocytosis by macrophages (Oh et al., 2012). Recently, the inhibitory effect of RvE3 on neutrophil chemotaxis in vitro has been demonstrated (Isobe et al., 2012) and a new member of the EPA-derived resolvins E has been identified and termed resolvin E4 (RvE4). RvE4 is produced under physiologic hypoxia and has a resolving function. It stimulates human M2 macrophage efferocytosis of senescent erythrocytes and apoptotic neutrophils in vitro (Libreros et al., 2020) (Figure 4).
5.2.4 Maresin 1
Maresin 1 (MaR1) plays a role in the resolution of inflammation by reducing platelet aggregation ex vivo (Freedman et al., 2020) and stimulating phagocytosis and efferocytosis in human and mouse phagocytes (Chiang and Serhan, 2020) (Figure 4).
5.2.5 Protectin D1/Neuroprotectin D1
Studies have demonstrated that protectin D1/Neuroprotection D1 (PD1/NPD1) increases phagocytosis in macrophages, regulates TNFα and IFNγ secretion by activated T cells in vitro (Ariel et al., 2005), and limits transendothelial migration of leukocytes to prevent the infiltration of leukocytes into sites of inflammation (Serhan et al., 2015; Calder, 2020a; Chiang and Serhan, 2020) (Figure 4). Moreover, synthetic PD1/NPD1 attenuated human PMN transmigration in vivo and in vitro in response to LTB4 and T cells (Serhan et al., 2015).
Human leukocytes can form AT-(NPD1/PD1) via aspirin-acetylated COX-2 (Serhan et al., 2015). Studies have demonstrated that AT-(NPD1/PD1) has potent protective actions comparable to NPD1/PD1 in vitro and in vivo, reducing transendothelial PMN migration and enhancing efferocytosis of apoptotic human PMN by macrophages (Serhan et al., 2011a).
5.3 Hydroxyeicosanoids
5.3.1 5-Hydroxyeicosanoids
In neutrophils, EPA and AA are metabolized by 5-LOX to form 5-hydroxyeicosatetraenoic acid (5-HEPE) and 5-hydroxyeicosatetraenoic acid (5-HETE), respectively. Both 5-HEPE and 5-HETE have been shown to induce antioxidative enzymes in vascular endothelial cells through activation of a nuclear factor-erythroid factor 2-related factor 2 (Nrf2)-dependent mechanism through their metabolites, 5-oxo-EPE and 5-oxo-HETE (Nagahora et al., 2017) (Figure 4).
5.3.2 12(S)-Hydroxyeicosanoids
The 12(S)-hydroxyeicosapentaenoic acid (12(S)-HEPE) is the eicosanoid formed through oxygenation of EPA by 12(S)-LOX. Pre-treatment of whole blood with EPA prolonged the time of clot retraction ex vivo (Figure 4), suggesting that EPA-derived eicosanoids, such as 12(S)-HEPE, might regulate blood clotting and play a role in clot resolution (Ikei et al., 2012).
DGLA is an ω-6 fatty acid that is oxidized in the platelet by 12(S)-LOX to form 12(S)-HETrE. This metabolite has been shown to attenuate platelet activity and thrombosis (Ikei et al., 2012). The antiplatelet role of 12-HETrE was determined by demonstrating its ability to inhibit platelet aggregation in vitro and attenuate clot formation in vivo (Figure 4) through selective activation of the prostacyclin receptor in platelets (Yeung et al., 2016; Tourdot et al., 2017; Yeung and Holinstat, 2017).
5.3.3 15-Hydroxyeicosanoids
The 15-LOX-derived eicosanoids from AA, DGLA, and EPA are 15(S)-hydroxyeicosatetraenoic acid (15(S)-HETE), 15-hydroxyeicosatrienoic acid (15(S)-HETrE), and 15(S)-hydroxyeicosapentaenoic acid (15(S)-HEPE), respectively. While 15(S)-HETrE, 15(S)-HETE and 15(S)-HEPE have been shown to inhibit platelet reactivity (Guichardant et al., 1988; Vanderhoek et al., 1991) (Figure 4), other studies have observed a pro-aggregatory effect of 15(S)-HETE on platelet function (Setty and Stuart, 1986; Vijil et al., 2014) and an increase of clot formation in human whole blood pre-treated ex vivo with 15(S)-HETE (Lundqvist et al., 2016) (Figure 3).
Moreover, studies have suggested that DGLA inhibits the synthesis in vitro of LTB4 in neutrophils through the formation of 15(S)-HETrE (Iversen et al., 1991; Chilton-Lopez et al., 1996) (Figure 4). Additionally, 15(S)-HETE has been shown to inhibit LTB4-induced chemotaxis of PMNs in vitro (Ternowitz et al., 1988; Takata et al., 1994).
5.4 Epoxyeicosatrienoic acids
Epoxyeicosatrienoic acids (EETs) are generated from AA by CYP450 enzymes and promote the active termination of inflammation by a broad array of anti-inflammatory and pro-resolving actions. EETs were found to have direct effects on the large-conductance Ca2+-activated potassium (K+) channels in vascular smooth muscle cells (Campbell and Harder, 1999). This mechanism contributes to the effect of EETs as endothelium-derived hyperpolarizing factor to hyperpolarize and relax arterial smooth muscle (Li and Campbell, 1997). EETs present functional relevance in vascular inflammation primarily due to their role in the reduction of vascular cell adhesion molecule 1 (VCAM-1), E-selectin and intercellular adhesion molecule 1 (ICAM-1) expression, and prevention of leukocyte adhesion to the vascular wall (Node et al., 1999) (Figure 4).
6 DISCUSSION
Polyunsaturated fatty acids and their bioactive eicosanoids play a critical role in human health and diseases through regulating inflammation in the blood and the vessel. The role of the ω-6 PUFA AA in inflammation through formation of eicosanoids is well established. While the AA-derived eicosanoids, including PGE2, TxA2 and LTs, are well-known as pro-inflammatory mediators in the blood, the COX-derived PGs PGI2 from AA, and the PGs series 1 and 3 from EPA and DGLA, respectively, have a critical role in counterbalancing pro-inflammatory states to attenuate inflammation in the blood and the vascular wall. More recently, studies in the eicosanoid-inflammation field have additionally identified a wide class of bioactive metabolites and SPMs derived from AA, DGLA, EPA, and DHA. As the classic eicosanoids (PGs, LTs and Txs), the bioactive metabolites have pro- or anti-inflammatory effects, whereas the SPMs are currently extensively studied due to their effects on the attenuation of pro-inflammatory eicosanoid actions and active contribution to the resolution of inflammatory tissue. This review has outlined the function of COX-, LOX- and CYP 450-derived eicosanoids from PUFAs and elucidated their mechanistic regulation of the inflammation process in the blood and the vessel.
As a result of their widespread expression in the blood and the vascular wall, eicosanoids and their metabolites are involved in the pathogenesis and the development of inflammatory diseases such as atherosclerosis, hypertension, diabetes mellitus and more recently, COVID-19. As an example, alterations in the formation of bioactive metabolites, such as 20-HETE, have been reported in inflammatory diseases such as hypertension, diabetes (Miyata and Roman, 2005) and cardiovascular disease (Zu et al., 2016). Due to their critical involvement in eicosanoid biosynthesis, alterations in the expression of oxygenases also play a role in the pathogenesis of inflammatory diseases such as atherosclerosis and diabetes. While the upregulation of 5-LOX expression, leading to production of Cys-LTs and LTB4, has been reported at the site of atherosclerotic plaques (Whatling et al., 2007; Riccioni et al., 2010), increased 12-LOX activity or expression has been implicated in the functional loss of insulin secretion or production in beta-cells of the pancreatic islets, which may impair blood glucose regulation leading to the development of diabetes (Ma et al., 2010). Synthesis of PGE2 has also been suggested to be up-regulated in atherosclerosis. Using an animal model of atherosclerosis, Gross et al. have shown that PGE2 is produced in the arterial wall in response to inflammation and is detected in atherosclerotic plaques. In addition, the authors have demonstrated that PGE2 enhances atherothrombosis in vivo (Gross et al., 2007). Increased production of PGE2 was recently identified in the blood of COVID-19 patients. These patients were found to have higher PGE2 levels which were correlated positively with the severity of the disease (Ricke-Hoch et al., 2021). Coronavirus infection activates endoplasmic reticulum stress signaling, which, in turn, can induce the biosynthesis of PGE2 (Chopra et al., 2019). Thus, an increased level of PGE2 may be involved in the hyperinflammatory response in COVID 19 infection (Hammock et al., 2020).
Due to their effects on promoting inflammation, the eicosanoids are potential targets for the treatment of these diseases, as well as the enzymes and receptors implicated in their formation. For example, the inhibition of 12-LOX in platelets, using the pharmacological inhibitor ML355, reduces platelet aggregation ex vivo and impairs clot formation in vivo (Adili et al., 2017). The prostacyclin analogs, such as iloprost and selexipag, are used to treat pulmonary arterial hypertension due to their vasodilatory and anti-platelet effects through activation of the prostacyclin receptor (Sitbon et al., 2015; Mandras et al., 2021). The inhibition of pro-aggregatory effects of TxA2 through acetylation of COX-1 in platelets is the pharmacological basis for aspirin, used in association with a P2Y12 receptor antagonist in dual antiplatelet therapy to treat cardiovascular diseases and prevent the recurrence of major cardiovascular events due to thrombosis (Schrör and Rauch, 2015). The role of TxA2 in the impairing endothelial function is highly associated with pathogenesis of atherosclerosis. Studies have shown that mice deficient in TP and IP demonstrated an accelerated atherogenesis in the blood vessel (Kobayashi et al., 2004). Notably, the acetylation of COX by aspirin can trigger alternative biosynthesis pathways forming bioactive metabolites and SPMs (Figure 2) which might provide additional anti-inflammatory effects promoted by aspirin treatment.
Studies have shown that increased intake of ω-3 PUFAs (EPA and DHA) results in increased amounts of these fatty acids in blood lipids, leukocytes and platelets (Browning et al., 2012). The increased level of ω-3 PUFAs in leukocytes and platelets has been demonstrated to result in a reduction of the capacity of these cells to produce pro-inflammatory eicosanoids from AA, such as PGs and LTs (Calder, 2020b), and to regulate the function of these cells by attenuating platelet reactivity and increasing leukocyte response to inflammation (Faber et al., 2011; Yamaguchi et al., 2022). Notably, the concentration of several bioactive metabolites, including hydroxy- and epoxyeicosanoids derived from AA, EPA and DHA, were increased in the plasma of normo- and hyperlipidemic patients following supplementation with EPA and DHA (Schuchardt et al., 2014; Schmöcker et al., 2018). Moreover, studies have detected higher levels of the SPMs, such as RvD1 and RvD2, in the plasma and serum of individuals with an increased intake of EPA and DHA (Calder, 2020a). Thus, given the evidence of diverse supplementary studies, modulating the levels of PUFAs mediated by ingestion or supplementation might provide beneficial effects in attenuating the inflammation process in the blood and the vessel.
The SPMs have been recently described as positive modulators on resolution and termination of inflammation. Studies have indicated that RvE1 might control vascular inflammation in atherosclerosis. RvE1 has been shown to protect against atherogenesis in an animal model of atherosclerosis (Hasturk et al., 2015) and Laguna-Fernandez et al. (Laguna-Fernandez et al., 2018) have demonstrated that targeted deletion of the RvE1 receptor ERV1/Chem23 in a hyperlipidemic animal model was associated with proatherogenic signaling in macrophages, increased oxidized low-density lipoprotein uptake, reduced phagocytosis, and increased atherosclerotic plaque size and necrotic core formation, suggesting that RvE1 might have protective effects during atheroprogression (Salic et al., 2016). Additionally, the administration of the D-series resolvin RvD4 to mice of a deep vein thrombosis model has been shown to reduce thrombus formation and improve clot resolution (Cherpokova et al., 2019), suggesting that the delivery of SPMs might help to regulate thrombosis and inflammation in cardiovascular diseases. Thus, SPMs may be considered as potential therapeutic approaches for prevention or resolution of inflammation or insult in the vessel.
The discovery of SPMs was first reported in exudates (Serhan et al., 2011b) and the investigation of the effects of SPMs on the blood and the vessel is currently in early stages. Studies using in vitro assays and animal models have described the SPMs’ ability to contribute to resolution of inflammation through regulation of cell function in the blood and the vessel (see review (Chiang and Serhan, 2020)), but the physiological relevance of these effects depends on the endogenous concentration of SPM in vivo. The biosynthesis of SPMs has been characterized using in vitro studies (Isobe et al., 2012; Libreros et al., 2020; Perry et al., 2020) and other studies have demonstrated the ability of blood cells such as neutrophils and macrophages to form SPMs in vitro (Werz et al., 2018; Mainka et al., 2022). In addition, despite several studies having detected SPMs in human samples including plasma and serum (see review (Calder, 2020a)), the concentration of SPMs was at low levels (picogram/picomolar to nanogram/nanomolar range) (Mainka et al., 2022; Schebb et al., 2022) and the analysis of low concentrations of low SPMs can be an analytical challenge and it may affect the detection and quantification process of these metabolites in the sample. Indeed, there is a current controversy in the field based on differences in the methodology and analytical instrumentation used to detect the SPMs in biological samples (Schebb et al., 2022), which demonstrates that a deeper investigation is warranted to provide a better understanding of the concentration range of SPMs circulating in the human bloodstream and whether SPMs at these concentrations are able to regulate resolution of inflammation in the blood and the vessel.
The studies using in vitro and in vivo approaches in cellular and animal models, and the analysis of samples collected from humans, have significantly contributed to the current understanding of the mechanistic regulation of eicosanoids in inflammation. It resulted in a large body of evidence about the role of the classical pro- and anti-inflammatory eicosanoids derived from the 20-carbon PUFAs AA, DGLA and EPA, in inflammation in the blood. However, a better understanding of the mechanistic regulatory effects of the most recently discovered eicosanoids, including SPMs and bioactive metabolites, in the regulation of inflammatory states and their contribution to the resolution of inflammation in the blood and the vascular wall is warranted. Furthermore, it is important to highlight that, although there is evidence of the synthesis of SPMs by cells in the blood, whether the biosynthesis of some SPMs occurs in the blood and the biological relevance of this process still need to be further elucidate. Hence, the role of eicosanoids in inflammation in the blood and the vessel is currently a focus of much research in the inflammation field which might help to position the anti-inflammatory bioactive eicosanoids as a novel therapeutic approach to treat inflammatory diseases that affects the blood and the vascular wall.
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Complex diseases are associated with a wide range of cellular, physiological, and clinical phenotypes. To advance our understanding of disease mechanisms and our ability to treat these diseases, it is critical to delineate the molecular basis and therapeutic avenues of specific disease phenotypes, especially those that are associated with multiple diseases. Inflammatory processes constitute one such prominent phenotype, being involved in a wide range of health problems including ischemic heart disease, stroke, cancer, diabetes mellitus, chronic kidney disease, non-alcoholic fatty liver disease, and autoimmune and neurodegenerative conditions. While hundreds of genes might play a role in the etiology of each of these diseases, isolating the genes involved in the specific phenotype (e.g., inflammation “component”) could help us understand the genes and pathways underlying this phenotype across diseases and predict potential drugs to target the phenotype. Here, we present a computational approach that integrates gene interaction networks, disease-/trait-gene associations, and drug-target information to accomplish this goal. We apply this approach to isolate gene signatures of complex diseases that correspond to chronic inflammation and use SAveRUNNER to prioritize drugs to reveal new therapeutic opportunities.
Keywords: complex disease, inflammation, endophenotype, drug repurposing, network analysis, functional modules, disease modules
1 INTRODUCTION
Acute inflammation is an organism’s healthy response to invasion by pathogens or to cellular damage caused by injury (Rock and Kono 2008). Systemic chronic inflammation (CI) occurs when these inflammatory responses do not resolve, resulting in persistent, low-grade immune activation that causes collateral damage to the affected tissue over time (Furman et al., 2019). While the direct connection of CI to autoimmune diseases has been well known for some time, only recently has the medical community uncovered the prevalence of CI in a multitude of complex diseases and disorders (Furman et al., 2019; Vos et al., 2020). Therefore, it is imperative to better understand the different molecular mechanisms of CI manifestation across diseases.
Network-based methods are powerful collection of tools for both elucidating specific pathways and processes that may underlie a complex phenotype (Ghiassian et al., 2015; Leiserson et al., 2015; Ghiassian et al., 2016) and for drug repurposing (Chen et al., 2015; Cheng et al., 2018; Fiscon and Paci 2021). For instance, HotNet2 is a pan-cancer network analysis tool that identifes active network modules in a genome-wide molecular network by guiding the module detection algorithm with thousands of genes scored by how prevalent they are across 12 cancers in TCGA (Leiserson et al., 2015). HotNet2 is then able to determine if any module is enriched for a given cancer type, pathway, or process. In a similar vein, another approach, DIAMOnD, starts with a genome-wide network, and then creates a disease-specific network using an expanded set of known disease-gene annotations (Ghiassian et al., 2015). This disease-specific network is then analyzed and compared to other disease-specific networks generated using the same technique. Both approaches find regions of a genome-wide network that are enriched for disease-related genes.
Inflammation is an example of an endophenotype, or intermediate phenotype, of a complex disease. Ghiassian et al. studied endophenotype network models by starting with a genome-wide network and constructing modules for sets of seed genes related to three endophenotypes: inflammation, thrombosis, and fibrosis (Ghiassian et al., 2016). The authors showed that the network modules derived from the three endophenotypes have strong overlap in the network and that these modules are enriched for genes differentially expressed in various complex diseases. While the above methods provide invaluable insight in disease mechanisms using a disease-focused and a phenotype-focused approach, respectively, they raise the critical question of identifying phenotypic signatures specific to individual diseases. For instance, can we identify the CI-signature that is specific to a given disease and use that to find avenues for therapeutic intervention?
In this work, we address this question using a network-based approach. We first generate a network consisting of only genes associated with a single disease (Figure 1A, steps 1–2) Here, like in DIAMOnD (Ghiassian et al., 2015), we expand our original disease-gene annotations to build more robust networks and glean insight into unstudied genes. We use a network-based supervised machine learning model, shown to systematically outperform label propagation methods like DIAMOnD, to expand our gene sets (Liu et al., 2020). We then cluster the disease-specific network, find clusters that are significantly enriched for known CI genes, and compare these CI signatures across diseases (Figures 1A,B steps 12). We then use the SAveRUNNER (Fiscon and Paci 2021) method on these enriched clusters to predict drugs that might help treat the CI-component specific to a given disease (Figure 1B, step 3).
[image: Figure 1]FIGURE 1 | Schematics describing the experimental pipeline. (A) Describes predicting new disease related genes (step 1), clustering the disease-specific interaction network (step 2) as well as 5,000 networks made from randomly-selected degree-matched genes for each disease (step3), identifying CI-enriched clusters (steps 4 and 5), and calculating the proportion of diseases with at least one CI-enriched cluster. These steps were performed for each gene-gene interaction network in combination with each inflammation gene set described in the methods. (B) Describes using SAveRUNNER to find groups of CI-enriched clusters from all diseases with similar CI-signatures (steps 1 and 2), and prioritize treatments for the CI component of complex diseases (step 3). Using ConsensusPathDB with the high-confidence GeneShot derived CI gene set resulted in the highest proportion of autoimmune diseases and the lowest proportion of non-disease traits with at least one CI-enriched cluster. Therefore, steps one to three were performed with clusters from that network-CI gene set combination only.
2 METHODS
2.1 Disease selection and disease-associated seed genes
2.1.1 Complex and autoimmune diseases
We searched the literature (Furman et al., 2019; Dregan et al., 2014; Armstrong et al., 2013; Yashiro 2014; Chou et al., 2016; Autoimmune Diseases: Causes, 2022) and curated examples of 17 complex diseases associated with chronic inflammation (CI) and nine common autoimmune diseases. Some of these diseases are quite broad (i.e “Malignant neoplasm of lung”), and to add more narrowly defined diseases to our list, we used the Human Disease Ontology (Schriml et al., 2019) to identify child terms of these diseases. The chosen diseases were not meant to be comprehensive, but examples of autoimmune diseases and complex diseases thought to have immune components. We then identified genes annotated to each disease by the DisGeNet database, which is a database that stores a collection of disease-gene annotations from expert curated repositories, GWAS catalogs, animal models and the scientific literature (Piñero et al., 2020). To ensure that our disease gene sets were largely non-overlapping, we created a network such that nodes were diseases, and an edge was created between two diseases if the two gene sets had [image: image] overlap ([image: image]. We then chose the most representative disease from each connected component. This resulted in 10 autoimmune diseases and 37 complex diseases (Supplementary Table S1).
2.1.2 Non-disease traits
Two lab members manually curated 113 non-disease-traits that are unlikely to be associated with CI (i.e. handedness, coffee intake, and average household income) from the list of traits with GWAS results from the UK Biobank (Sudlow et al., 2015) to be used as negative controls. Based on GWAS summary statistics from the Neale group (Abbot et al., 2021), we used Pascal (Lamparter et al., 2016) (upstream and downstream windows of 50 KB with the sum-of-chi-squared statistics method; only autosomal variants) to associate genes with the non-disease traits. Genes with [image: image] were included as seed genes for that trait.
2.2 GenePlexus
To predict new genes associated with a set of input seed genes, we used GenePlexus, a tool that builds an L2-regularized logistic regression model using features from a gene interaction network (Liu et al., 2020). As input features, we used the adjacency matrices from STRING, STRING with only experimentally derived edges (STRING-EXP) (Szklarczyk et al., 2017), BioGRID (Stark et al., 2006), and ConsensusPathDB (Kamburov et al., 2013). For predicting disease genes, positive examples were disease/trait seed genes and negative example genes were generated by: (i) finding the union of all genes annotated to all diseases in DisGeNET (Piñero et al., 2020), (ii) removing genes annotated to the given seed genes, and (iii) removing genes annotated to any disease in the collection that significantly overlapped with the given seed genes ([image: image] based on the one-sided Fisher’s exact test) (Liu et al., 2020). We tested the performance of the above features for predicting new genes associated with our diseases and traits of interest using three-fold cross validation and only included diseases in subsequent analyses if the diseases/traits had [image: image] associated genes and median [image: image] (i.e. the area under the precision-recall curve ‘auPRC’ is at least twice as much as expected by random chance ‘prior’ (Liu et al., 2020)). See Figure 1A, step 1 and Supplementary Table S1.
2.3 Identifying clusters of interacting genes within a disease-specific network
One list of disease-associated genes was formed for each of the four biological networks used as features in GenePlexus. Specifically, we added genes with a GenePlexus prediction probability of [image: image] on the network of interest to the original disease or trait seed gene list to create our final set of associated genes for each disease or trait for that network. We formed disease-/trait-specific networks by subsetting a given network to include only the disease-/trait-associated genes and any edges directly connecting those genes (Figure 1A, step 2). We tested five prediction-network—cluster-network combinations: Genes predicted on each of the four networks were clustered on the same network. Genes predicted on STRING were also clustered on both STRING and STRING-EXP to test if using the full network for novel gene prediction but only experimentally derived gene-gene associations for clustering would improve performance. We then used the Leiden algorithm (Traag et al., 2019) to partition the disease-/trait-specific networks into clusters (Figure 1A, step 2). Specifically, we used the leiden_find_partition function from the leidenbase R package (v 0.1.3) (https://github.com/cole-trapnell-lab/leidenbase) with 100 iterations and ModularityVertexPartition as the partition type. We retained clusters containing [image: image] genes.
2.4 Cluster GOBP enrichment analysis
We used the R package topGO with the “weight01” algorithm and Fisher testing (Alexa and Rahnenfuhrer 2022) (v 2.44.0) to find enrichment of genes annotated to GO biological processes (min size = 5, max size = 100) among disease gene clusters. The annotations were taken from the Genome wide annotation for Human bioconductor annotation package, org.Hs.eg.db (Carlson 2019) (v 3.13.0). The background gene set included all human genes present in the network of interest. This was performed for every prediction/clustering method combination.
2.5 Isolating CI-associated disease clusters
2.5.1 Defining CI-associated genes
We tested several different sets of chronic inflammation associated genes for this study including the GO biological process (GOBP) terms GO:0002544 (“chronic inflammatory response”) and GO:0006954 (“inflammatory response”). These were collected from the Genome wide annotation for Human bioconductor annotation package, org. Hs.eg.db (Carlson 2019) (v 3.13.0) with and without propagation of gene-term relationships from the descendent terms (org.Hs.egGO2ALLEGS and org.Hs.egGO2EG, respectively). GO:0006954 was also filtered to retain gene-term relationships inferred from experiments (evidence codes EXP, IDA, IPI, IMP, IGI, IEP, HTP, HDA, HMP, HGI, and HEP). As GO:0002544 without propagation contained [image: image] genes, this list was ultimately not included in the study. We also identified genes associated with chronic inflammation using Geneshot which, given the search term “chronic inflammation”, searches Pubmed using manually collected GeneRif gene-term associations to return a ranked list containing genes that have been previously published in association with the search term (Lachmann et al., 2019). We tested both the entire Geneshot generated list, and the subset of genes with [image: image] associated publications (“High-confidence GeneShot”). As with the disease genes, we predicted additional chronic-inflammation-associated genes using GenePlexus with features from each network. Negative examples for GenePlexus were derived from non-overlapping GOBP terms. We added genes with a prediction probability of [image: image] to the seed gene list to create our final sets of CI-associated genes.
2.5.2 Creating random traits
After running GenePlexus to predict new genes for each trait, the gene lists for each trait were used to generate 5,000 random gene lists that have matching node degree distributions to the original traits (Figure 1A, step 3). That is, a random gene list was generated for a given trait by replacing each of its genes in the network of interest with a (randomly chosen) gene that has the same node degree, or a gene that has a close node degree if there are a small number of genes with the exact node degree (Leiserson et al., 2015; Fiscon and Paci 2021). We clustered the random traits as described in Section 2.3. Only clusters with at least five genes were included. Real traits with no corresponding permuted traits with clusters containing at least five genes were excluded from the analysis.
2.5.3 Finding CI-gene enriched disease clusters
For each prediction-network—cluster-network pair and each CI gene list expanded on the prediction network of interest, for each disease and random trait cluster containing [image: image] genes, we calculated an enrichment score:
[image: image]
where CG are the genes in a disease cluster, CI are the CI genes, and background is all the genes present in the clustering network (Figure 1A, step 4). For each real disease or trait cluster, we used the matching random trait clusters to calculate a p-value:
[image: image]
where [image: image] is the number of random trait clusters from all 5k matching random traits, and
[image: image]
We corrected for multiple comparisons across clusters within a disease using the Benjamini–Hochberg procedure (Benjamini and Yosef 1995) (Figure 1A, step 5). Clusters with an [image: image] and [image: image] were considered chronic-inflammation-associated disease clusters and were deemed to represent the ‘CI signature’ of the disease.
2.5.4 Identifying the optimal prediction-network/cluster-network/CI gene source combination
We chose the network/inflammation gene set combination that resulted in the highest proportion of autoimmune diseases and lowest proportion of non-disease traits with at least one CI-enriched cluster of any network/CI-gene set combination, ConsensusPathDB and the high-confidence Geneshot generated list.
2.5.5 Comparing CI-signatures across diseases
For CI-enriched clusters identified using ConsensusPathDB and the high-confidence Geneshot CI genes, we used the SAveRUNNER R package to quantify the similarity between each pair of CI-enriched clusters using ConsensusPathDB as the base network (Fiscon and Paci 2021) (Figure 1B, step 1). For each pair, SAveRUNNER computes the average shortest path between each gene in cluster A and the closest gene in cluster B and uses this value to calculate an adjusted similarity score. Then, a p-value is estimated based on a null distribution of adjusted similarity scores between randomly generated clusters with the same node degree distributions as clusters A and B. Because the similarity scores and p-values are not symmetric (i.e., [image: image]) we used Stouffer’s method to combine p-values for the same pair of clusters and averaged the adjusted similarities. We then used the Leiden algorithm as described in Section 2.3 to group related clusters (Figure 1B, step 2). For each group, we took the union of the genes belonging to the resident CI-enriched clusters. Using genes unique to each group, with all the ConsensusPathDB genes as background, we used TopGO as in Section 2.4 to identify enriched GOBPs.
2.6 Predicting novel treatment opportunities
2.6.1 Identifying expert-curated drug-target associations
The known drug-gene interactions used in this study are the subset of the interactions present in the DrugCentral database (Avram et al., 2021) that are also among the expert curated interactions in the Drug-Gene Interaction database (DGIdb) (Freshour et al., 2021). Specifically, we used the DGIdb API to retrieve only drug-gene interactions that were marked “Expert curated” (based on the source trust levels endpoint). Intersecting these interactions with those in DrugCentral (through a list of drug synonyms from DrugCentral) resulted in the final list of expert-curated drug-gene pairs.
2.6.2 Treatment prediction and scoring
We predicted treatment opportunities for the inflammatory component of complex diseases by using the SAveRUNNER R package (Fiscon and Paci 2021) (Figure 1B, step 3). SAveRUNNER builds a bipartite drug-disease network by utilizing the previously determined expert-curated drug targets, the CI-associated cluster disease genes, and the ConsensusPathDB network as a human interactome. Network similarity scores returned by SAveRUNNER represent the proximity between disease and drug modules, where a high similarity score means that the disease and drug modules have high proximity in ConsensusPathDB. SAveRUNNER calculates a p-value where a significant value suggest that the disease genes and drug targets closer in the network than expected by chance (based on an empirical null distribution built using 200 pairs of randomly selected groups of genes with the same size and degree distribution of the original sets of disease genes and drug targets). Using the list of final predicted associations after normalization of network similarity, the p-values were corrected for multiple comparisons within each disease using the Benjamini–Hochberg procedure. Drugs were associated to diseases based on the disease cluster with the lowest FDR. Predicted treatments are disease-drug pairs with an [image: image].
2.6.3 Evaluating SAveRUNNER prediction performance
We calculated [image: image] by ranking disease-drug pairs by [image: image] and using either previously indicated drug-disease pairs (both approved and off-label) or drug-disease pairs tested in a clinical trial as positive labels. Approved and off-label drug-disease pairs were collected from DrugCental (Avram et al., 2021). Only drugs with expert curated target genes were included (see Section 2.6.1). The Unified Medical Language System (UMLS) Concept Unique Identifiers (CUI) were limited to diseases (T047) and neoplastic processes (T191), and our diseases were matched to diseases in DrugCentral using UMLS CUIs. Drug-disease pairs tested in a clinical trial were collected from the database for Aggregate Analysis of Clinical Trials (AACT) (AACT Database, 2022). AACT reports the Medical Subject Headings (MeSH) vocabulary names for diseases. We used disease vocabulary mapping provided by DisGeNET to translate UMLS CUIs for our diseases to MeSH vocabulary names, further restricted to only those that were present in AACT. We filtered AACT for trials with “Active, not recruiting”, “Enrolling by invitation”, “Recruiting”, or “Completed” status.
2.6.4 Enrichment of predicted drug-disease pairs among previously indicated drug-disease pairs
To test for an enrichment of predicted drug-disease pairs among previously indicated drug-disease pairs for each disease, we tallied the total number of unique drugs previously indicated to any disease, the number of those drugs indicated to the disease of interest, the number of drugs predicted to treat the disease by our method, and the number of drugs predicted to treat the disease by our method that were also previously indicated for that disease. We calculated a p-value using a one tailed Fisher’s exact test and corrected for multiple comparisons within each disease across drugs using the Benjamini–Hochberg procedure.
2.6.5 Enrichment of anti-inflammatory drugs and immunosuppressants among predicted treatments
We searched the DrugBank database for the ATC codes for anti-inflammatory drugs and immunosuppressants including Immunosuppressants (L04), Corticosteroids for systemic use (H02), Anti-inflammatory and antirheumatic products (M01), and Antihistamines (R06) (Wishart et al., 2018). We used these codes to pull all the drugs in these categories from our expert curated drug to target gene database. For each disease we ranked predicted drugs by [image: image] and used the fgsea R package (v 1.20.0) to perform gene set enrichment analysis for drugs belonging to each of the four classes (Subramanian et al., 2005; Korotkevich et al., 2021).
3 RESULTS
3.1 Expanding lists of disease-related genes and identifying disease-specific gene subnetworks
Our first goal was to establish a comprehensive list of genes associated with the complex diseases of interest and resolve the genes linked to each disease into subsets of tightly connected genes in an underlying molecular network. Towards this goal, we selected 37 complex diseases associated with underlying systemic inflammation (see Methods). To ensure that we correctly isolate chronic inflammation (CI) signatures, we devised a set of positive and negative controls. We selected 10 autoimmune disorders as positive controls because autoimmune disorders are characterized by CI and should have an easily identifiable CI gene signature. For negative controls, we selected 113 traits from UK Biobank (Sudlow et al., 2015) that are unlikely to be associated with CI (i.e. Right handedness, filtered coffee intake, and distance between home and workplace). Supplementary Table S2 contains the full list of diseases and traits used in this analysis along with their original associated genes.
While thousands of genes may play a role in the etiology of a chronic disease, it is unlikely that all of these genes have been cataloged in available databases such as DisGeNET or identified by GWAS. Hence, we expanded the lists of disease-or-trait-associated genes using GenePlexus (Liu et al., 2020) (Figure 1A, step 1). Briefly, GenePlexus performs supervised machine learning using network-based features to predict novel genes related to a set of input seed genes. Here, we built one GenePlexus model per disease using disease-associated genes from DisGeNET or trait-associated genes from the UK Biobank GWAS as seed genes (positive examples). To test the robustness of this method for identifying CI enriched clusters, we tested four different biological interaction networks of varying sizes and edge densities—STRING, STRING with only experimentally derived edges (STRING-EXP) (Szklarczyk et al., 2017), BioGRID (Stark et al., 2006), and ConsensusPathDB (Kamburov et al., 2013) (Figure 1A, step 1, see Methods Section 2.2). Genes predicted by the GenePlexus model with a probability [image: image] were added to the seed gene list to create an expanded list of disease- or trait-associated genes.
Figure 2 shows results for ConsensusPathDB. The proportion of genes predicted by GenePlexus for the non-disease traits is lower than those for the autoimmune and complex diseases (Figure 2B). This observation indicates that genes associated with a specific autoimmune/complex disease tend to have more similar network neighborhoods than genes associated with non-disease traits. All disease-associated genes after GenePlexus prediction are listed in Supplementary Table S3.
[image: Figure 2]FIGURE 2 | (A) Number of genes per disease/trait. (B) Proportion of the genes per disease/trait that were predicted by GenePlexus. (C) Number of clusters per disease/trait containing at least five genes. (D) Proportion of total genes assigned to a cluster containing at least five genes. (E) Proportion of clusters per disease/trait enriched with genes from at least one GO biological process.
Next, for each disease/trait, we clustered the expanded lists of genes based on their interactions in the gene-gene interaction network (Figure 1A step 2 and Figure 2C; Supplementary Table S3). On ConsensusPathDB, the complex diseases had the highest proportion of genes grouped into clusters of ≥5 genes, followed by autoimmune diseases and non-disease traits (Figure 2D). To assess whether clusters are biologically meaningful, we performed an enrichment analysis between every cluster and hundreds of GO Biological Process (GOBP) gene sets. We theorize that significant enrichment of a cluster with a GOBP means the genes in the cluster likely function together to carry out a specific cellular process or pathway. On ConsensusPathDB, for autoimmune and complex diseases, the median proportion of GOBP enriched clusters are [image: image] and [image: image], respectively, suggesting most clusters are biologically relevant (Figure 2E). In contrast, most clusters in non-disease traits are not enriched for a GOBP (Figure 2E).
3.2 Isolating CI-enriched disease clusters
Clusters of related, disease-associated genes on functional gene interaction networks are likely to correspond to the pathways and biological processes disrupted during disease progression. For complex disorders, multiple pathways are likely to be affected. Our next goal was to identify which cluster(s) within a set of disease-associated genes corresponds to the CI component of the disease. For this analysis, similar to the expansion of disease- or trait-associated genes, we used GenePlexus to predict novel inflammation genes for each of the five sets of inflammation-related seed genes procured from different sources (see Methods Section 2.5.1, Supplementary Table S4). We then scored the enrichment of CI genes in each disease cluster and performed a permutation test using 5,000 random gene sets for each disease to determine the significance of the enrichment score (see Methods Section 2.5.2 and Section 2.5.3 and Figure 1A steps 3–5, Supplementary Table S5).
With various base networks and CI gene sources, we tested all network–CI-geneset combinations and chose the one that resulted in the highest proportion of autoimmune diseases and lowest proportion of non-disease traits with at least one CI-enriched cluster. Based on this test, we picked ConsensusPathDB as the base network and “high-confidence Geneshot” as the source of CI genes (Supplementary Figure S2). We were able to identify clusters enriched for CI genes in all of the autoimmune disorders surveyed (9/9), while finding no CI-enriched clusters among the non-disease traits (Figure 3A). We identified at least one CI-enriched cluster in 18 of 30 of the complex diseases (Figure 3A). Twelve out of the 27 diseases with at least one CI-enriched cluster had two or more CI-enriched clusters, and the median proportion of CI-enriched clusters out of the total clusters is higher for autoimmune diseases than complex diseases (Figure 3B). The number of diseases with at least one CI-enriched cluster varied with different combinations of prediction network, cluster network, and inflammation gene set (Supplementary Table S6). In every case, however, the proportion of autoimmune diseases with at least one CI-enriched cluster was higher than that for non-disease traits suggesting that our method is robust to changes in base-network and inflammation gene set (Supplementary Figure S2).
[image: Figure 3]FIGURE 3 | (A) Number of diseases/traits with at least one cluster overlapping the expanded chronic inflammation (CI) geneset (dark pink), out of the total number of diseases/traits. (B) The proportion of CI-enriched disease clusters among all disease clusters per disease. (C) Mean probability that genes with no known relationship with chronic inflammation residing in a CI-enriched cluster or non-CI-enriched cluster are associated with CI. p-value calculated using a one-sided Fisher’s Exact test.
We hypothesized that, through guilt-by-association, even the genes with no known relationship with chronic inflammation residing in a CI-enriched cluster should have a higher probability of being CI-associated than those in non-CI-enriched clusters. To test this hypothesis, we used GenePlexus with features from each gene-gene interaction network to calculate the probability that every gene is associated with each inflammation gene set. Then, focusing on the genes in disease clusters that were not present in the inflammation gene set, we found that the mean CI probability of these genes in CI-enriched clusters is significantly higher for CI-enriched clusters than non-enriched clusters in 24 out of 25 network/CI-gene set combinations (Supplementary Figure S3-S7), including ConsensusPathDB with the high-confidence Geneshot CI gene set (Figure 3C). This observation suggests that the CI-enriched clusters as a whole, and not just the genes in the high-confidence Geneshot CI gene set residing within them, are CI-associated in the disease of interest. Knocking out putative inflammation associated genes in animal models of the appropriate disease and testing for an increase in known inflammation markers would confirm this result.
3.3 Comparing CI gene signatures across diseases
To determine if related diseases have similar chronic inflammation signatures, we used a network-based approach to quantify the similarity between each pair of ConsensusPathDB/high-confidence GeneShot CI-enriched disease clusters across diseases and grouped similar clusters together using the Leiden algorithm (Traag et al., 2019; Fiscon et al., 2021) (Figure 1B, steps 1–2). Several diseases have more than one CI-enriched cluster and none of these diseases have clusters belonging only to one group (Figure 4A, Supplementary Table S7). Moreover, diseases belonging to the same broad category—i.e. autoimmune, cancer, or cardiovascular disease—do not have a larger proportion of clusters belonging to a particular group than expected by chance (one-sided Fisher’s exact test, Figure 4A). This suggests that one disease can harbor more than one type of chronic-inflammation signature, and that the same signatures can be found in very different diseases. For example, rheumatoid arthritis, myocardial ischemia, atherosclerosis, and chronic obstructive airway disease all have CI-enriched clusters belonging to each of the three signature groups.
[image: Figure 4]FIGURE 4 | (A) Number of CI-enriched clusters per disease colored by CI-signature group. (B) Top ten enriched GOBP categories by Benjamini–Hochberg procedure corrected FDR for each CI-signature group—the group is denoted by the colored blocks to the left of the heatmap. The heatmap shows the [image: image] of the enrichment for each CI-signature group — * denotes [image: image].
To determine the biological significance of these signature groups, we performed enrichment analyses for genes unique to each group among GO biological processes (Figure 4B, Supplementary Table S8). The top 10 significantly enriched terms for each group are largely distinct, with group 1 being enriched for immune relevant signaling pathways, group 2 for regulation of immune cell proliferation, and group 3 for regulation of immune cell chemotaxis (Figure 4B).
3.4 Predicting novel treatment opportunities
Our final goal was to leverage the ConsensusPathDB/high confidence GeneShot CI-enriched disease clusters we discovered to find potential avenues for repurposing approved drugs to therapeutically target systemic inflammation underlying complex diseases (Figure 1B, step 3). Towards this goal, we used SAveRUNNER to find associations between CI-enriched clusters and FDA approved drugs through each drug’s target genes (Fiscon et al., 2021). We found that SAveRUNNER predictions for known treatments were better than random chance — [image: image]— for diseases with at least five known treatments (Figure 5A). Moreover, with the exception of myocardial ischemia, SAveRUNNER predicted drugs in Phase IV clinical trials better than random chance (Figure 5A) (AACT Database, 2022). Drugs in Phase IV are those that have already been proved effective for treating a disease (in Phase III) and are being monitored for long-term safety and efficacy.
[image: Figure 5]FIGURE 5 | (A) [image: image]of SAveRUNNER predictions using drugs previously indicated for the disease (top) or drugs ever in Phase IV clinical trials for a disease (bottom) as positive examples. The dotted line is at[image: image]. [image: image] denotes predictions better than random chance. (B) Number of SAveRUNNER predicted genes (Benjamini–Hochberg procedure corrected [image: image]) per disease.
SAveRUNNER predicted between 3 and 178 high-confidence ([image: image]) treatments for each disease and identified previously indicated drugs for five of the nine autoimmune disorders (Figure 5B, Supplementary Table S9), with significant enrichment among drug predictions for celiac disease (one-sided Fisher’s exact test, BH corrected [image: image]). SAveRUNNER found previously indicated treatments for only three of the 18 complex diseases (Figure 5B, Supplementary Table S9). This result is expected given that, unlike for autoimmune disorders, most known treatments for these complex disorders are not likely to target the immune system. Treatments previously tested in a clinical trial were predicted for six autoimmune disorders and seven of the complex disorders (Figure 5B).
We tested for enrichment of drugs belonging to four immune-related drug classes among treatment predictions highly ranked by SAveRUNNER for each complex disorder (Figure 6A). SAveRUNNER allows for drug prioritization based both on the p-value and on the adjusted similarity score between drug target genes and CI-enriched cluster genes. Highly scoring drug-cluster pairs have genes that are closely related in the gene interaction network, which increases the likelihood that the drug will be on-target for the paired disease (Fiscon et al., 2021). We found that antihistamines as a whole are enriched for six of the 18 complex disorders (Figure 6A). Antihistamines that specifically target histamine receptor H1 (HRH1) have the highest adjusted similarity score for six of the seven complex disorders with any antihistamine among their high-confidence targets (Figure 6B). SAveRUNNER predicted that cyproheptadine, which targets both HRH1 and the serotonin 2A receptor, HTR2A, instead of HRH1 alone would be the best antihistamine for treating non-alcoholic fatty liver disease (Figure 6B). While cyproheptadine is also a high-confidence predicted treatment for atherosclerosis, myocardial ischemia, and chronic obstructive airway disease, it is unlikely to be an effective treatment for myocardial infarction or malignant mesothelioma (Figure 6B). Interestingly, of the eight diseases, only myocardial infarction and malignant mesothelioma do not have a CI-enriched cluster belonging to CI-signature group 2 (Figure 4A). This finding suggests that, even among drugs in the same class, we can predict disease-specific treatments for the chronic inflammation component of the disease etiology.
[image: Figure 6]FIGURE 6 | (A) Heat map showing the enrichment of anti-inflammatory and immunomodulating drugs among highly ranked SAveRUNNER predicted drugs (gene set enrichment analysis, * denotes adjusted [image: image]). (B) Bar plot showing the adjusted similarity scores of antihistamines for complex diseases with at least one antihistamine among drugs predicted by SAveRUUNER to treat the disease — * denotes [image: image]. HRH1 specific antihistamines are those listed in our high-confidence drug target database as only targeting HRH1.
4 DISCUSSION
Complex diseases exhibit a staggering amount of heterogeneity, being associated with hundreds of genes and with a range of phenotypes. Therefore, to continue advancing our understanding of disease mechanisms and our ability to treat these diseases, it is critical to deconvolve disease heterogeneity by: a) resolving subsets of disease genes (and cellular processes/pathways) that underlie specific disease-associated phenotypes, and b) identifying avenues to diagnostically and/or therapeutically target those specific phenotypes.
Here, we present a computational data-driven approach to address this critical need (Figure 1). We used our approach to study chronic inflammation (CI) — a phenotype present across many complex diseases. We generated comprehensive lists of (known and predicted) disease-associated genes and identified and classified the CI signal among these genes. We used these signatures to predict novel treatment options to target the inflammatory components of 18 complex diseases.
A key aspect of our approach is ensuring its sensitivity to detect CI disease signatures using autoimmune diseases as positive controls. In autoimmune diseases, the immune system mistakenly attacks healthy tissue causing long-term systemic inflammation. Thus, we expect that the underlying CI disease signatures would be easily identifiable by a valid approach. Indeed, in each of the nine autoimmune diseases analyzed, our approach isolated gene clusters enriched for CI genes (Figure 1A), and identified drugs already used to treat a number of these disorders (Figure 5B). This finding is encouraging given that we conservatively matched drugs to diseases only based on expert-curated drug-target data from DGIDb (Freshour et al., 2021) rather than using all drug-target information in DrugCentral (Avram et al., 2021).
To show that our method was not erroneously uncovering CI signals where there were none, we identified UK Biobank traits not patently associated with CI (along with their genes) to use as negative controls. Following this analysis, we found that the median fraction of trait-associated genes predicted by GenePlexus and the median fraction of genes assigned to sizable clusters were lower for these traits than for autoimmune and complex diseases (Figures 2C,D). Given that GenePlexus is a method that leverages network connectivity for predicting new genes belonging to a set, these results suggest that the genes associated with non-disease traits may not be as highly connected to one another in ConsensusPathDB as the autoimmune and complex disease genes. Moreover, most of the non-disease trait clusters were not enriched with genes annotated to GO biological processes, suggesting that these clusters are diffuse and that the member genes are unlikely to work together to support a coherent biological task. While non-disease traits like coffee intake and handedness have been associated with inflammation (Searleman and Fugagli 1987; Paiva et al., 2019), this analysis (using GWAS-based trait-associated genes) suggests it is unlikely that SNPs in a coordinated inflammation pathway influence non-disease traits and more likely that any association with inflammation is environmental, not genetic. Taken together, these results suggest that these chosen traits serve as reasonable negative controls and offer a way to meaningfully contrast the results from complex diseases. Ideally, diseases or traits with no underlying inflammatory component but with associated genes that cluster in a network (as well as the autoimmune and complex disease) will serve as better negative controls. Given how common inflammatory processes are in disease, however, such diseases are difficult to definitively identify.
Complex disorders like cardiovascular diseases, diabetes, cancer, and Alzheimer’s disease are among the leading causes of death and disability among adults over 50 years of age, and all are associated with underlying systemic inflammation (Furman et al., 2019; Vos et al., 2020). Patients with systemic inflammation caused by autoimmune disorders are more likely to have another CI disorder like cardiovascular disease, type 2 diabetes mellitus, and certain types of cancer (Armstrong et al., 2013; Dregan et al., 2014; Yashiro 2014). Further, treating one chronic-inflammatory disease can reduce the risk of contracting another, suggesting a common underlying pathway (Fullerton and Gilroy 2016). For example, treating rheumatoid arthritis with tumor necrosis factor (TNF) antagonists lowers the incidence of Alzheimer’s disease and type II diabetes (Antohe et al., 2012; Chou et al., 2016).
To better understand how CI-associated disorders relate to one another, we used a network-based approach to quantify the similarity between their CI-enriched clusters. We hypothesized, for example, that Crohn’s disease and “malignant tumor of colon” would have similar CI-signatures, given that patients with inflammatory bowel disease are at increased risk for developing colorectal cancer (Shah and Itzkowitz 2022). However, Crohn’s disease CI-enriched clusters are members of signature groups 1 and 2, while the “malignant tumor of colon” CI-enriched cluster belongs to group 3 (Figure 4A). Instead of sharing CI-signatures, related CI diseases may, instead, have complementary signatures. Indeed, the group 1 signature, which characterizes two of the three Crohn’s disease CI-enriched clusters, is enriched for genes that positively regulate proinflammatory cytokines TNF and in interferon-gamma (IFNɣ) (Figure 4B). When these cytokines bind to their respective receptors, reactive oxygen species are generated causing oxidative stress (Chatterjee 2016). Oxidative stress, in turn, induces DNA-damage that can lead to tumor formation. Colorectal tumors are infiltrated with lymphocytes, which mediate the recruitment of immune cells that suppress tumor growth (Idos et al., 2020). Immune cell infiltration likely leads to our ability to detect the group 3 CI-signature among genes associated with “malignant tumor of colon”, given that group 3 is enriched for immune cell migration and chemotaxis (Figures 4A,B). Alternatively, there is a possibility that every CI-associated disease actually exhibits all three CI-signatures, and our method is only sensitive enough to detect these in a handful of diseases.
Common treatments for systemic inflammation, including non-steroidal anti-inflammatory drugs (NSAIDs), corticosteroids, and biologics like TNF antagonists, can cause adverse effects when used long term. For instance, patients treated with corticosteroids or TNF antagonists have increased risk of infection (Rosenblum and Howard 2011; Murdaca et al., 2015; Shah and Itzkowitz 2022), and corticosteroid use increases both the risk of fracture (Kanis et al., 2004; Mitra 2011) and the risk of developing type II diabetes (Blackburn et al., 2002). NSAIDs present a unique set of side effects, particularly in elderly patients, including gastrointestinal problems ranging from indigestion to gastric bleeding, and kidney damage (Griffin 1998; Griffin et al., 2000; Marcum and Hanlon 2010). Therefore, the search for better treatment options for CI is ongoing.
Here, we leverage the CI-signatures to identify novel treatment opportunities for the CI-component of 18 complex diseases (Figure 5B). Interestingly, antihistamines were among the top drug associations for six of 18 complex diseases (Figure 6A), including atherosclerosis. Atherosclerosis is characterized by the deposition of cholesterol plaques on the inner artery walls. Mast cells, immune cells best known for their response to allergens, are recruited to arteries during plaque progression, where they release histamines. Histamines then activate the histamine H1-receptor, increasing vascular permeability, which allows cholesterol easier access to arteries promoting plaque buildup (Rozenberg et al., 2010). Mepyramine, one of the HRH1-specific antihistamines highly associated with atherosclerosis, has already been shown to decrease the formation of atherogenic plaques in a mouse model of the disease (Rozenberg et al., 2010). Interestingly, it is not predicted as a treatment for myocardial ischemia, which occurs when plaque buildup obstructs blood flow to a coronary artery, suggesting disease-specific antihistamine efficacy even among related diseases. Cetirizine and fexofenadine are also HRH1-specific antihistamines highly associated with atherosclerosis but neither prevented or reduced atherosclerosis progression in a mouse model of atherosclerosis, and both increased atherosclerotic lesions at low doses (Raveendran et al., 2014). In the expert-curated drug-target database used in this study, the histamine H1-receptor is the only target listed for all three drugs; however, the contradictory results from Rosenberg et al. and Raveendran et al. suggests that drug-specific off-target effects are mediating atherosclerosis treatment outcomes. A more complete understanding of drug-gene targets would allow for better predictions of novel disease treatments.
For example, unlike the other diseases with antihistamines as predicted treatments, only cyproheptadine, and not the HRH1-specific drugs, is likely to be an effective treatment for non-alcoholic fatty liver disease (NAFLD) (Figure 6B). Cyproheptadine is an antagonist for both histamine receptor H1 and the serotonin 2A receptor (HTR2A), suggesting that blocking the serotonin 2A receptor could be specifically helpful for ameliorating symptoms of NAFLD. Indeed, liver-specific Htr2a knockout mice are resistant to high-fat diet induced hepatic steatosis and increased fat in the liver (Choi et al., 2018). Moreover, increased serum serotonin levels were correlated with increased disease severity in patients with NAFLD (Wang and Fan. 2020).
Overall, we have shown that our method is capable of isolating the chronic inflammation gene signature of a complex disease using a network-based strategy and, by integrating information across multiple complementary sources of data, it can predict and prioritize potential therapies for the systemic inflammation involved in that specific disease. Importantly, our approach provides a blueprint for identifying and prioritizing therapeutic opportunities for any disease endophenotype.
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Zoledronic acid (Zol) is a potent bisphosphonate that inhibits the differentiation of monocytes into osteoclasts. It is often used in combination with dexamethasone (Dex), a glucocorticoid that promotes the resolution of inflammation, to treat malignant diseases, such as multiple myeloma. This treatment can result in bone pathologies, namely medication related osteonecrosis of the jaw, with a poor understanding of the molecular mechanism on monocyte differentiation. IFN-β is a pro-resolving cytokine well-known as an osteoclast differentiation inhibitor. Here, we explored whether Zol and/or Dex regulate macrophage osteoclastic differentiation via IFN-β. RAW 264.7 and peritoneal macrophages were treated with Zol and/or Dex for 4–24 h, and IFN-β secretion was examined by ELISA, while the IFN stimulated gene (ISG) 15 expression was evaluated by Western blotting. RANKL-induced osteoclastogenesis of RAW 264.7 cells was determined by TRAP staining following treatment with Zol+Dex or IFN-β and anti-IFN-β antibodies. We found only the combination of Zol and Dex increased IFN-β secretion by RAW 264.7 macrophages at 4 h and, correspondingly, ISG15 expression in these cells at 24 h. Moreover, Zol+Dex blocked osteoclast differentiation to a similar extent as recombinant IFN-β. Neutralizing anti-IFN-β antibodies reversed the effect of Zol+Dex on ISG15 expression and partially recovered osteoclastic differentiation induced by each drug alone or in combination. Finally, we found Zol+Dex also induced IFN-β expression in peritoneal resolution phase macrophages, suggesting these drugs might be used to enhance the resolution of acute inflammation. Altogether, our findings suggest Zol+Dex block the differentiation of osteoclasts through the expression of IFN-β. Revealing the molecular pathway behind this regulation may lead to the development of IFN-β-based therapy to inhibit osteoclastogenesis in multiple myeloma patients.
Keywords: IFN-β, resolution of inflammation, macrophages, osteoclast differentiation, dexamethasone, zoledronic acid, multiple myeloma
1 INTRODUCTION
Immune cells and cytokines are critical effectors in bone remodeling during inflammation and its resolution, as well as in cancer-associated osteopathologies (Tai et al., 2018; Alvarez et al., 2019; Plemmenos et al., 2020). Zoledronic acid (Zol), a nitrogen-containing bisphosphonate (BP), together with the glucocorticoid dexamethasone (Dex), is commonly used for the treatment of MM (Ishikawa et al., 1990). The beneficial action of Zol in MM is mostly attributed to the induction of osteoclast death that limits the formation of lytic lesions (Takayanagi et al., 2002; Lee and Kim, 2011; Schett, 2011). At the cellular level, Zol is taken up by ostoclasts and inhibits the enzyme farnesyl diphosphate synthase. As a result, there is a reduction in cholesterol synthesis, which is required for cytoskeletal reorganization and vesicular trafficking in the osteoclast, leading to osteoclast inactivation (Reszka and Rodan, 2003). The mechanism of action of Dex in MM is not completely elucidated. Dex reduces IL-6 mRNA levels in myeloma cells and induces plasma cell apoptosis by blocking IL-6 (Alexanian et al., 1992). The combined effect of Zol and Dex on osteoclast formation has not been extensively studied. Nevertheless, clinical evidence showed this drug combination increase the risk for a severe side effect called medication-related osteonecrosis of the jaw (MRONJ) (Hüni and Fryar, 1981). MRONJ is characterized by formation of a necrotic jawbone usually after tooth extraction, in patients taking antiresorptive drugs, like BPs, or anti-receptor activator of nuclear factor kappa-B ligand (RANK-L) antibodies alone or in combination with immune modulators or anti-angiogenic medications (Ruggiero et al., 2022).
The interplay between immune cells and osteoclasts was previously reported. Immune cells secrete pro and anti-inflammatory cytokines that balance bone resorption and apposition (Roodman, 1993; Van Dyke et al., 2015). Cytokines that stimulate bone resorption include IL-1, TNF-α, IL-6, IL-11, IL-15, and IL-17. Inhibitors of resorption include IL-4, IL-10, IL-13, IL-18, GM-CSF, and IFN-γ. TGF-β and prostaglandins can have either stimulatory or inhibitory effects on resorption, depending on the experimental setting (Martin et al., 1998). The role of cytokines in hematological malignancies, including MM, revealed dysregulation of various cytokines that uncouple the balance between bone resorption and bone apposition, leading to the development of lytic bone lesions (Guise and Mundy, 1998).
Interferon β (IFN-β) belongs to the type 1 interferon (IFN) family, representing the first line of endogenous defense mechanisms in response to viruses and bacterial infections. These cytokines are secreted by many cell types, including lymphocytes, macrophages, and endothelial cells (Pertsovskaya et al., 2013). IFN-β promotes bacterial clearance, neutrophil apoptosis, and efferocytosis, as well as macrophage reprogramming to resolution-promoting phenotypes (Kumaran Satyanarayanan et al., 2019). IFN-β is produced in response to M-CSF stimulation of macrophage progenitors as part of the osteogenic process (Yamashita et al., 2012). Similarly, RANKL induces the production of IFN-β in macrophages during osteoclast differentiation. Interestingly, recombinant mouse IFN-β strongly inhibits osteoclastogenesis from bone marrow macrophages stimulated by RANKL in the presence of M-CSF. These results suggest that IFN-β interferes with RANKL signaling, thereby inhibiting osteoclastogenesis (Stark et al., 1998).
The combined therapy of Zol+Dex delays the progression or occurrence of bone lesions in MM patients (Tosi et al., 2006). We hypothesized that this drug combination increases IFN-β expression and secretion in macrophages, thereby reducing osteoclastogenesis. The current study aimed to improve our understanding of the molecular mechanism executed by Zol and Dex in the blocking of osteoclastogenesis, focusing on IFN-β. Revealing the aforementioned molecular pathway may perpetuate the development of new biological treatments to inhibit osteoclastogenesis and prevent the worsening of osteolytic lesions following chemotherapy.
2 METHODS
2.1 Cell culture
RAW 264.7 macrophage cells (ATCC, TIB-71, Virginia) were cultured in Minimum Essential Medium-α (MEM-alpha, Biological Industries, Israel) containing 10% fetal bovine serum (FBS, Biological Industries, Israel), 100 μg/ml penicillin and streptomycin (Biological Industries, Israel) at 37°C in a humidified atmosphere of 5% CO2. The culture medium was changed every 3 days. Cells (1.5 × 106 cells) were seeded in a small flask (25 cm2, Corning, Israel) for expansion for 3 days, and transferred to a big flask (175 cm2, Corning, Israel) with culture medium.
2.1.1 Isolation of peritoneal macrophages
Male C57BL/6 mice were injected intraperitoneally with freshly prepared zymosan A in PBS (1 mg/ml/mouse). After 66 h, the peritoneal exudates were collected. Macrophages were labeled with PE-conjugated rat anti-F4/80 and isolated using EasySep PE selection magnetic beads following the manufacturer’s instructions (Stem-Cell Technology). All animal experiments were approved by the ethics committee for animal experimentation at the University of Haifa (no 597/18).
2.2 RT-PCR
Peritoneal macrophages (1*106 cells per ml per treatment) were treated with Zol and/or Dex (5–10 µM and 1–10 µM, respectively, as in (Ural et al., 2003) in RPMI, respectively, for 4 h or 24 h. RNA extraction and cDNA synthesis were performed (Applied BioSystem, California). Then, qPCR was performed in triplicates using specific primers for IFN-β. IFN-γ and IFN-α were analyzed as reference genes and HPRT as a housekeeping gene. The reactions were normalized to mHPRT using the ΔΔ threshold cycle (Ct) method. Mouse primer sequences were as follows: mHPRT- Forward 5′- TTG​CTC​GAG​ATG​TCA​TGA​AGG​A -3′, and Reverse 5′- AGCAGGTCAGCAAA GAACTTATAGC -3′, m-IFN-γ: Forward:5′-GCGTCATTGAATCACACCTG-3′ and Reverse:5′- TGAGCTCATTGAATG CTTGG-3′, m-IFN-α-Forward:5′-CCTGAGAGA GAAGAAACACAGCC-3′ and Reverse: 5′-TCTGCT CTGACCACTCCCAG -3′, mIFN-β-Forward:5′-AACCTCACAGGGCGGACTT-3′ and Reverse: TCC​CAC​GTC​AAT​CTT​TCC​TCT​TG-3′ (Sigma Aldrich, Israel). Quantitative RT-PCR analysis was performed using a SyberGreen system on a Step One Plus (Thermo Fisher, Israel).
2.3 Western blotting
The expression of IFN-β, ISG15, or GAPDH proteins by macrophages (peritoneal or RAW 264.7) treated with vehicle, Zol, Dex, or Zol+Dex (1.5*106 cells per ml per treatment, 4 or 24 h) was determined. To this end, the protein content of lysed cells was extracted and run using 10% SDS-PAGE (40 µg/lane). Next, separated proteins were transferred to nitrocellulose or PVDF membranes and immunoblotted with rabbit anti-IFNβ, mouse anti-ISG15, or rabbit anti-GAPDH, respectively (Santa-Cruz Biotechnology). The membranes were washed and incubated with appropriate HRP-conjugated secondary antibodies. Then, the membranes were washed, developed using WesternBright ECL (Advansta, CA), and analyzed using Amersham Imager 600. Our analysis focused on the high molecular weight isoforms of IFN-β that are non-secreted intracellular proteins (higher molecular weight than 33 kDa), while the secreted forms (25–33 kDa) were excluded. Densitometry analysis was performed using the ImageJ software.
2.4IFN-β ELISA
Culture media from macrophages treated with Zol and/or Dex or vehicle for 4 h were collected and evaluated for their IFN-β content by custom-made ELISA as in. Briefly, MaxiSorp plates were coated with purified anti-mouse IFNβ capture antibody (1 mg/ml) (BioLegend 519202) and incubated overnight at 4°C. Plates were washed 4 times with 0.05% PBS-Tween-20 and blocked at room temperature for 1 h with 1% B.S.A. in PBS. Plates were washed 4 times before 100 µl of standard (BioLegend 581309), or culture supernatants were plated in duplicate and incubated overnight at 4°C. Plates were washed 4 times and incubated with biotinylated anti-IFN-β detection antibody (BioLegend 508105) at 1 mg/ml at room temperature for 1 h. Plates were washed 5 times and incubated with HRP-Avidin for 30 min at room temperature and then developed using TMB substrate and stopped using 2 N sulfuric acid. Plates were read using BioTek PowerWave Plate reader at 450 nm and 540 nm. Results were calculated using a 4-parameter curve-fitting with Gen5 software (BioTek).
2.5 In vitro differentiation of macrophages to osteoclasts
Osteoclastogenesis assay was performed with RAW 264.7 cells (1.5*104 cells per well in a 24-well plate) that were incubated with 30 ng/ml RANKL (Peprotech, Israel) for 5 days. RANKL-treated cells were also treated with Zol and/or Dex, recombinant mouse IFN-β (0.25 or 2.5 ng/ml, Biolegend), or anti-IFN-β antibodies (2 μg/ml, Abcam, United Kingdom) for the first 2 days of incubation and then washed. RANKL was supplemented after washing.
2.6 TRAP and CD11b staining
To characterize RAW 264.7 cells after differentiation, TRAP and immune-staining were performed. The cells were fixed with 4% paraformaldehyde (PFA)/PBS for 10 min at R.T. Immunocytology was used to detect cells that differentiated into osteoclasts (TRAP+CD11b− cells). The cells were stained with a TRAP kit (387A-1KT, Sigma, United States) for 1 h at 37°C. Then, cells displaying deep purple staining (indicating high TRAP staining) were enumerated as cells that differentiated into osteoclasts. In addition, the cells were stained with anti-CD11b (ab52478, Abcam, United Kingdom) to indicate non-differentiated macrophages. The staining was performed as follows: After fixation, the cells were blocked with 1% BSA for 1 h, washed 3 times with PBS, and stained with Rabbit anti-CD11b for 1 h at R.T. After 3 washes with PBS, the cells were stained with a secondary antibody, HRP-conjugatedanti-Rabbit IgG (ZytoChem Plus HRP Polymer anti Rabbit, Zytomed, Berlin, Germany), then incubated with DAB (SuperPicture™ Polymer Detection Kit, DAB, rabbit, Thermo Fisher Scientific, MA, United States) for 15 min and then washed with distilled water. The cell cultures from both staining methods were captured by a digital camera (Olympus DP70, Olympus, Tokyo, Japan) with a calibration scale, 10 fields from each treatment by ×40 magnification were analyzed by shade using ImageJ software (NIH., Bethesda, MD, United States). The percentage of osteoclasts in the culture was calculated.
2.7 Statistical analysis
Statistical Packages for the Social Sciences (SPSS) or GraphPad Prism were used to analyze all experiments. Descriptive statistics, including means and standard deviation (SD), are shown for each data point. Comparisons between 2 groups were done using unpaired t-test and for more than 2 groups, using one-way ANOVA or mixed-designed ANOVA analysis. The level of statistical significance was set at 5%, and p values are indicated between treatments that showed statistically significant differences.
3 RESULTS
3.1 Zoledronic acid and dexamethasone stimulate IFN-β production in macrophages
Combined therapy using Zol+Dex has shown activity in MM. However, the synergy between the drugs leads to reduced skeletal-related events with unclear mechanisms (Tosi et al., 2006). We hypothesized that Zol+Dex treatment blocks osteoclast differentiation via changes in IFN-β levels. Therefore, we analyzed changes in IFN-β secretion from RAW 264.7 macrophages following treatment with Zol (10 µM), Dex (1 µM), and Zol+Dex or vehicle. After 4 h of incubation, IFN-β levels were evaluated by ELISA. The results showed the combined treatment with Zol and Dex for 4 h, but not with each drug alone, induced an increase in IFN-β secretion (Figure 1A). This regulation was specific for IFN-β as neither IFN-α nor IFN-γ transcription was upregulated by Zol+Dex (Supplementary Figure S1). Notably, the increase in IFN-β secretion was associated with a corresponding increase in the expression of ISG15 by macrophages exclusively following Zol+Dex treatment (Figures 1B,C). Thus, the combined treatment with Zol and Dex seems to induce the secretion of biologically-active IFN-β by macrophages.
[image: Figure 1]FIGURE 1 | Zol+Dex promotes IFN-β secretion and ISG15 expression in RAW 264.7 macrophages. RAW 264.7 macrophages were incubated with Zol (10 µM) and/or Dex (1 µM) for 4 (A) or 24 h (B,C). Then, culture medium was collected, and IFN-β levels were determined by standard ELISA (A,% C.V. were: Control = 45.73%, Zol = 110.6%, Dex = 76.80%, Zol+Dex = 26.41%), or cells were collected and analyzed by Western blotting for ISG15 and GAPDH (B–C). Results are averages from 3 experiments (A,C) or representative images (B). Statistical significance by one way ANOVA is indicated between the indicated treatments. *p < 0.05, ***p < 0.001, ****p < 0.0001.
3.2 RANKL induces osteoclastic differentiation of RAW 264.7 macrophages
Next, we determined the effect of Zol and/or Dex on osteoclastic differentiation of RAW 264.7 macrophages. To this end, we first determined whether RAW 264.7 macrophages differentiate into osteoclasts upon exposure to the osteoclastogenic cytokine RANKL as in (Kats et al., 2016). Two staining methods were used to identify the cells in the culture: 1) TRAP staining, which stains osteoclasts, and 2) CD11b staining, which identifies undifferentiated macrophages. Our results showed that treatment with RANKL (30 ng/ml) for 5 days resulted in macrophage differentiation to osteoclasts manifested by an increase in the TRAP+ cells (from 1.02 ± 0.67% to 30.7 ± 4.81% of the cells) and a concomitant decrease in CD11b+ cells (from 92.03 ± 5.1% to 60.1 ± 11.47% of cells). Overall, these results suggest that ∼30.7% of the macrophages differentiated into osteoclasts when cultured with RANKL. The differences between RANKL and control treatments were significant for both staining methods (P*** = 0.0001, Figure 2). Since these results indicate that both staining methods provide similar levels of osteoclastic differentiation, we exclusively used TRAP staining in the following experiments.
[image: Figure 2]FIGURE 2 | RANKL induces osteoclastogenesis in RAW 264.7 macrophages. RAW 264.7 cells were stained for TRAP (A,B); n = 5 or CD11b (C,D); n = 3 (arrows indicate unstained differentiated cells). (E–F) Averages of quantification of osteoclasts (TRAP+, CD11b-cells) using the ImageJ program. Statistical significance by Student’s t-test between control and RANKL treatments is indicated. ***p < 0.001.
3.3 Zoledronic acid+dexamethasone and IFN-β reduce osteoclastic differentiation of macrophages and increase intracellular IFN-β
Our previous findings showed osteoclastic differentiation of 30.7% of macrophages when cultured with RANKL. Next, we determined the effect of Zol and/or Dex or IFN-β on osteoclastic differentiation. To this end, macrophages were cultured with RANKL for 5 days. In the first 48 h, the cells were supplemented with RANKL and Zol, and/or Dex (10 μM each) or IFN-β (0.25–2.5 ng/ml). After 5 days, the percentage of TRAP+ cells was quantified. As previously, 30.7% ± 4.81 of macrophages underwent osteoclastic differentiation (n = 5) when cultured with RANKL compared to 1.02 ± 0.67% in the control treatment (p < 0.0001). Treatment with Zol+Dex decreased osteoclastic differentiation to 7.12 ± 2.31% (n = 5, P** = 0.002 compared to RANKL + group). Moreover, treatment with Zol or Dex alone gave similar results (6.3 ± 4.1% and 7.8 ± 2.5% of cells, respectively; **p = 0.005 and *p = 0.04, respectively) to the Zol+Dex treatment. As expected, treatment with 2.5 ng/ml of IFN-β antibodies reduced osteoclastic differentiation to 13.5% and was statistically significant compared to RANKL alone or with 0.25 ng/ml IFN-β (***p = 0.007, **p = 0.006, respectively). Notably, Zol+Dex treatment decreased osteoclastic differentiation to a similar extent as IFN-β (Figure 3, n = 4). Next, we determined whether RANKL affects Zol+Dex-induced IFN-β production. Our results show IFN-β levels were reduced following RANKL exposure compared to control treatment. However, higher levels of IFN-β were found when macrophages were treated with Zol+Dex or IFN-β, and RANKL (2.13 ± 0.12 and 2.4 ± 0.42 DU, respectively; p < 0.05). In addition, Zol+Dex treatment without RANKL (3.32 ± 0.36 DU) resulted in the highest intracellular levels of IFN-β compared to controls (1.67 ± 0.16 DU). Overall, these results suggest that treatment of macrophages cultured with RANKL with Zol+Dex or IFN-β reduced osteoclastic differentiation and increased intracellular IFN-β levels.
[image: Figure 3]FIGURE 3 | Zol+Dex and IFN-β inhibit RANKL-induced osteoclastogenesis. (A) Macrophages were treated with RANKL and Zol and/or Dex (10 µM each), or 0.25–2.5 ng/ml IFN-β for 48 h to induce osteoclast differentiation (after 5 days). Then, cells were fixed, stained for TRAP, and image analysis was performed using the ImageJ software. (B) Quantitative analysis of macrophages treated with or without RANKL, Zol+Dex, or IFN-β for 24 h. The cells were harvested, and W.B. for IFN-β was performed. The high molecular weight (more than 33 kDa) species of IFN-β underwent densitometric analysis, and the obtained values for each treatment were summed and normalized to GAPDH. (C) Representative IFN-β blotting image. Statistical significance by one-way ANOVA between matched treatments is indicated (A–B). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001 (n = 2–5).
3.4 IFN-β neutralization rescues osteoclastic differentiation of macrophages following Zoledronic acid+dexamethasone treatment
Since Zol+Dex elevated IFN-β levels in RANKL-treated macrophages and IFN-β reduce osteoclastogenesis in these cells, we examined the role of IFN-β in Zol+Dex induced blockade of osteoclastic differentiation of macrophages. To this end, macrophages were treated with RANKL and Zol+Dex or IFN-β (2.5 ng/ml, as control) as well as anti-IFN-β neutralizing antibodies for 48 h. Then, the medium was replaced and resupplemented with RANKL. After additional 3 days, osteoclastic differentiation was measured by TRAP staining. Our results in Figure 4A indicate that Zol and Zol+Dex reduced macrophage numbers, whereas Dex did not. Notably, IFN-β neutralization did not affect Zol-induced cell death but did promote it in Dex-treated macrophages. Importantly, IFN-β neutralization also significantly restored osteoclastic differentiation following Dex or Zol+Dex treatment (***p < 0.001) but not following Zol alone (Figure 4B). As expected, treatment with anti-IFN-β antibodies did not affect RANKL-induced osteoclastogenesis (data not shown). Notably, neither STAT1 nor STAT3 inhibition reversed the anti-osteoclastogenic actions of IFN-β or Zol+Dex (Supplementary Figure S2), suggesting that other STAT family members mediate the activity of the Zol+Dex-IFN-β axis. Thus, the abrogation of osteoclast differentiation from macrophages induced by Zol+Dex is mediated, at least in part, by early production of IFN-β.
[image: Figure 4]FIGURE 4 | Drug-induced inhibition of osteoclastogenesis is mediated by IFN-β. Macrophages were treated for 48 h with RANKL and Zol, Dex or Zol+Dex, and anti-IFN-β neutralizing antibodies (2 μg/ml). Then, culture media was replaced and resupplemented with RANKL for additional 3 days. Next, the cells were stained for TRAP and enumerated, and analysis was performed by the ImageJ software for total cell number (A) and % of osteoclasts (B). Statistical significance by one-way ANOVA is indicted (n = 3, 8 fields counted). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
3.5 Zoledronic acid and dexamethasone induce IFN-β expression by resolution phase macrophages
Dex was previously shown to promote macrophages conversion to the pro-resolving satiated/CD11blow phenotype and enhance IL-10 production by these cells (Schif-Zuck et al., 2011), whereas IFN-β was shown to promote the same events (Kumaran Satyanarayanan et al., 2019). Therefore, we sought to determine whether Dex and/or Zol can promote IFN-β expression in resolution phase macrophages. To this end, we recovered macrophages 66 h post zymosan A-induced peritonitis and cultured them for 4–24 h with the indicated drugs. Our results in Figure 5 show a robust increase in IFN-β expression in vehicle and Zol treatments that significantly declined at 24 h. Dex and, to a higher degree, the Zol+Dex treatment induced a much lesser induction of IFN-β at 4 h, but this response ascended at 24 h. Thus, Dex seems to induce IFN-β production by resolution phase macrophages, which is enhanced by treatment with Zol.
[image: Figure 5]FIGURE 5 | Zol+Dex increases IFN-β transcripts in peritoneal macrophages at 24 h. Male C57BL/6 mice were injected intraperitoneally with zymosan A (1 mg/mouse). After 66 h, the peritoneal exudates were collected, and peritoneal macrophages were isolated. Resolution phase peritoneal macrophages were collected and used immediately (time 0) or incubated for 4 or 24 h with Zol, Dex, or Zol+Dex, 10 µM each. R.N.A. was isolated from the samples, and RT-PCR for IFN-β was performed (A) Quantitative analysis of RT-PCR assay of IFN-β transcripts, comparison between 4 and 24 h (B) Differences between 24 and 4 h of each treatment. Statistical significance by one-way ANOVA (n = 9). *p < 0.05, **p < 0.01, ***p < 0.001.
4 DISCUSSION
Skeletal-related events are a common complication of hematological malignancies and cause severe pain, increased risk of death, and reduced quality of life. The impact of zoledronic acid in the prevention of pain and bone fractures in MM was confirmed in a meta-analysis that evaluated 20 randomized clinical trials with nearly 7,000 patients (Alegre et al., 2014). The direct suppression of osteoclast function by BPs and its consequences on bone remodeling has been reported in a few in vivo studies (Sharma et al., 2013; Alvarez et al., 2019). These effects are perceived to be caused by the inhibition of the intracellular mevalonate (Mev) pathway and the loss of farnesyl pyrophosphate (FPP) and geranygeranyl pyrophosphate (GGPP) synthesis (Gibbs and Oliff, 1997). Glucocorticoids, such as dexamethasone, play an important role in MM treatment. While glucocorticoids have single-agent activity in MM, their combination with other drugs induces higher clinical responses (Burwick and Sharma, 2019). Here, we investigated a potentially new mechanism of action for combined therapy with BPs and Dex in limiting bone resorption, a likely basis for medication-related osteonecrosis of the jaw. Our results showed that the combination of Zol and Dex increased IFN-β secretion as well as the expression of ISG15. We also found that treatment with Dex, Zol+Dex, or IFN-β alone limited osteoclastogenesis in an IFN-β-dependent manner, irrespective of STAT1 or STAT3 activation.
Dex has been previously shown to limit inflammation and promote its resolution by limiting neutrophil accumulation (Perretti et al., 2002) and enhancing apoptosis of inflammatory (M1) macrophages while promoting the survival of anti-inflammatory macrophages through the adenosine A3 receptor (Barczyk et al., 2010; Achuthan et al., 2018). Dex was also found to enhance the ability of macrophages to engulf apoptotic cells, a key event in the resolution of inflammation (Maderna et al., 2005). In murine peritonitis, Dex was found to promote the uptake of apoptotic cells and limit inflammatory cytokine production while enhancing IL-10 secretion (Schif-Zuck et al., 2011). Notably, we have recently shown elevated levels of IFN-β in peritoneal exudates during the resolution phase of peritonitis and pneumonia in mice, particularly following the uptake of apoptotic cells by resolution-phase macrophages (Kumaran Satyanarayanan et al., 2019). IFN-β, in turn, promotes macrophage efferocytosis and reprogramming to anti-inflammatory phenotypes (Kumaran Satyanarayanan et al., 2019). Thus, we hypothesized that Dex alone or combined with Zol would induce IFN-β expression and secretion from macrophages. Unexpectedly, our results (Figure 1A) showed that only the combination of Zol+Dex, and not each drug alone, induced a rapid secretion of IFN-β. This secretion did not sustain through 24 h (data not shown). However, it was sufficient to result in a significant increase in the expression of the IFN-β triggered gene ISG15 in Zol+Dex treated macrophages (Figures 1B,C). The fast secretion of IFN-β upon treatment with both drugs suggests that this response does not involve the uptake of apoptotic macrophages but rather the rapid release of internal stores of IFN-β, and could be a result of drug interaction. Thus, Zol and Dex induce a biologically active form of IFN-β from RAW 264.7 macrophages.
Recent publications have shown that type I IFNs decreased Mev lipid synthesis during inflammation (York et al., 2015) and inhibited osteoclast differentiation (Takayanagi et al., 2002). Notably, it was previously shown that BPs induce high levels of IFN-β in osteoclasts, which in turn promotes osteoblast maturation and bone formation (Ma et al., 2018). Moreover, Type I IFN signaling was recently found to limit age-related bone loss and osteoclastogenesis through the induction of guanylate-binding protein (GBP) 5 (Ho and Ivashkiv, 2006; Place et al., 2021). In the current study we have shown only the combined treatment with Zol + Dex, but not with each compound alone, increased IFN-β secretion and the expression of ISG15 in an IFN-β dependent manner in RAW 264.7 macrophages. Moreover, IFN-β, at low concentrations (2.5 ng/ml) inhibited macrophage differentiation to osteoclasts, and IFN-β blockage significantly abrogated either Dex or Zol+Dex inhibition of osteoclastogenesis but did not affect the control treatment. Altogether, these results support our hypothesis that Zol+Dex block macrophage osteoclastogenesis through the secretion of IFN-β and its action on macrophages that might also involve attenuation of Mev synthesis.
In macrophages, IFN-β activates signal transducers and activators of transcription (STAT) 1 and STAT3, mediating the antiviral and inflammatory effects of IFN-β (Ho and Ivashkiv, 2006; Kumaran Satyanarayanan et al., 2019). To detect whether STAT1 or STAT3 mediates the inhibitory effect of Zol+Dex or IFN-β on osteoclastogenesis, specific inhibitors of these transcription factors were used in the aforementioned differentiation assay. Our results indicate that neither the STAT1 nor the STAT3 inhibitor restored the differentiation of osteoclasts upon inhibition by Zol+Dex (Supplementary Figure S2). Nevertheless, the STAT1, but not the STAT3 inhibitor, restored osteoclastogenesis (47.18% recovery) upon inhibition by IFN-β. Notably, this recovery did not reach statistical significance, probably due to the low concentration of fludarabine. Recent publications have shown that STAT3 inhibitors down-regulate the expression of T-bet, GATA3, IL12Rb2, and IFN-γ, as well as the formation of osteoclasts (Holland et al., 2007; Li, 2013). On the other hand, another report has shown that STAT3 deficiency causes skeletal and connective tissue disorders. Notably, Zol treatment increases bone density in these patients by inhibiting the protein suppressor of cytokine signaling 3 (SOCS3), which results in a switch from IL-6 to IL-10 production in macrophages and a decrease in bone loss. The transcription of SOCS3 is regulated by nuclear accumulation of phosphorylated STAT3, and STAT3 is downregulated by SOCS3 (Staines Boone et al., 2016). These results support our conclusion that inhibition of STAT3 does not promote osteoclast differentiation.
STAT1 is essential for gene activation in response to interferon stimulation. Recent publications showed high levels of osteoclasts in bone marrow macrophages from STAT1-deficient mice treated with IFN-β and RANKL (Takayanagi et al., 2002). This manuscript has suggested a signaling cross-talk between RANKL and IFN-β via ISGF3, which is composed of STAT1, 2, and IRF-9, and that inhibition of STAT1 impairs the osteogenesis processes by enhancing osteoclast differentiation. Another publication showed that STAT1 protein levels decreased over time after Zol treatment (Muratsu et al., 2013). Our results have shown that STAT1 inhibition did not affect the drug treatment but partially restored osteoclastogenesis upon treatment with IFN-β, albeit without statistical significance. These results suggest STAT1 is not involved in drug-induced IFN-β expression. However, the inhibitory effect of IFN-β on osteoclastogenesis might be dependent, at least in part, on STAT1 activity.
The bone destruction in MM is mediated by osteoclasts, specialized bone-resorbing cells engaged in normal bone remodeling. Myeloma cells and marrow stromal cells produce factors that induce osteoclast formation and activation, thus changing the balance between bone apposition and bone resorption (Muratsu et al., 2013). Combinational therapy of Zol+Dex is clinically effective in preventing and managing myeloma-induced bone disease (Mhaskar et al., 2012). Additional osteoclasts targeting drugs such as: Cyclosporin A (Orcel et al., 1991), Revoremycin A, RANKL antibodies (Ding et al., 2021), Idelalisib (Yeon et al., 2019) and Compactin (Woo et al., 2000) were found to inhibit different satges in osteoclastogenesis and may be usefull to treat MM.
Our findings suggest a new pathway for suppressing bone resorption that involves IFN-β. Within the limits of this study, it can be concluded that Zol+Dex promotes IFN-β secretion. Consequently, IFN-β limits macrophage differentiation into osteoclasts downstream of the Zol+Dex treatment. Notably, IFN-β based therapies are used to treat multiple sclerosis patients with no evidence of MRONJ (Jongen et al., 2011). Thus, IFN-β therapy might be used to inhibit osteoclastogenesis in MM patients, with minimal risk to develop osteonecrosis of the jaw.
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Background: Voriconazole (VCZ) metabolism is influenced by many factors. Identifying independent influencing factors helps optimize VCZ dosing regimens and maintain its trough concentration (C0) in the therapeutic window.
Methods: We conducted a prospective study investigating independent factors influencing VCZ C0 and the VCZ C0 to VCZ N-oxide concentration ratio (C0/CN) in younger adults and elderly patients. A stepwise multivariate linear regression model, including the IL-6 inflammatory marker, was used. The receiver operating characteristic (ROC) curve analysis was used to evaluate the predictive effect of the indicator.
Results: A total of 463 VCZ C0 were analyzed from 304 patients. In younger adult patients, the independent factors that influenced VCZ C0 were the levels of total bile acid (TBA) and glutamic-pyruvic transaminase (ALT) and the use of proton-pump inhibitors. The independent factors influencing VCZ C0/CN were IL-6, age, direct bilirubin, and TBA. The TBA level was positively associated with VCZ C0 (ρ = 0.176, p = 0.019). VCZ C0 increased significantly when the TBA levels were higher than 10 μmol/L (p = 0.027). ROC curve analysis indicated that when the TBA level ≥4.05 μmol/L, the incidence of a VCZ C0 greater than 5 μg/ml (95% CI = 0.54–0.74) (p = 0.007) increased. In elderly patients, the influencing factors of VCZ C0 were DBIL, albumin, and estimated glomerular filtration rate (eGFR). The independent factors that affected VCZ C0/CN were eGFR, ALT, γ-glutamyl transferase, TBA, and platelet count. TBA levels showed a positive association with VCZ C0 (ρ = 0.204, p = 0.006) and C0/CN (ρ = 0.342, p < 0.001). VCZ C0/CN increased significantly when TBA levels were greater than 10 μmol/L (p = 0.025). ROC curve analysis indicated that when the TBA level ≥14.55 μmol/L, the incidence of a VCZ C0 greater than 5 μg/ml (95% CI = 0.52–0.71) (p = 0.048) increased.
Conclusion: TBA level may serve as a novel marker for VCZ metabolism. eGFR and platelet count should also be considered when using VCZ, especially in elderly patients.
Keywords: voriconazole, voriconazole-N-oxide, total bile acid, platelet count, estimated glomerular filtration rate, IL-6
INTRODUCTION
Invasive fungal infections (IFIs) remain a clinical problem with high morbidity and mortality despite recent advances in diagnosis and treatment (Jenks et al., 2020). Common pathogens of IFIs are Candida, Cryptococcus, Aspergillus, and Mucormycetes. Except for patients with underlying hematologic malignancies, solid organ transplant recipients, and critically ill patients, high rates of IFIs and mortality are also observed among patients 65 years or older (Vallabhaneni et al., 2017; Matthaiou et al., 2018; Hesstvedt et al., 2019; Tsay et al., 2020). Voriconazole (VCZ) is an essential drug for treating IFIs, especially those caused by Aspergillus and Candida. It is a first-line therapy for patients with invasive Aspergillosis (Ullmann et al., 2018). However, VCZ has a narrow therapeutic range. A trough level of 1–5.5 mg/L is recommended for most European patients on VCZ prophylaxis or treatment (Ullmann et al., 2018), while a range of 0.5–5 mg/L is considered adequate for Chinese patients (Chen et al., 2018). Maintaining VCZ trough concentration (C0) in the therapeutic range is crucial in enhancing its treatment effect.
VCZ exhibits non-linear pharmacokinetics with large interindividual and intraindividual variabilities (Purkins et al., 2002; Theuretzbacher et al., 2006). Many factors influence VCZ C0, such as age, sex, VCZ dose and administration route, albumin, total bilirubin (TBIL), glutamic-pyruvic transaminase (ALT), glutamic-oxalacetic transaminase (AST), γ-glutamyl transferase (γ-GT), CYP2C19 gene polymorphisms, and inflammatory state. (Vanstraelen et al., 2014; Niioka et al., 2017; Veringa et al., 2017). However, the specificity of each index has certain limitations. Both clinical symptoms and test results must be considered to diagnose and treat infectious diseases. VCZ dosing regimens also require modification according to patients’ conditions.
Our previous study found that VCZ C0 in elderly patients was significantly higher than in younger adult patients. The proportion of patients with C0 greater than 5 mg/L was higher in older adults (Cheng et al., 2020). VCZ C0 in elderly patients was not significantly affected by CYP2C19 polymorphisms (Shang et al., 2020). Inflammation could affect liver function, C0, and the concentration ratio of VCZ C0 to VCZ N-oxide (C0/CN) in younger and older patients (Liang et al., 2022). Therefore, disease state and patient status could confer significant dynamic markers that contribute to the fluctuation of VCZ concentrations (Chantharit et al., 2020).
According to the US Food and Drug Administration Adverse Event Reporting System (2004–2021 data), the VCZ-induced liver injury ratio is 32.45% (Zhou et al., 2022). Intrinsic and idiosyncratic drug-induced hepatotoxicity causes alterations in bile acid homeostasis (Mosedale and Watkins, 2017). Thus, the total bile acid (TBA) level can influence VCZ metabolism. Platelets are key effector cells for inflammatory responses and have particular advantages (Jenne et al., 2013). Platelet count was one of the determinants of VCZ C0 in kidney transplant recipients (Zhao Y. C. et al., 2021). VCZ clearance was also significantly associated with platelet count in patients with liver dysfunction (Tang et al., 2019; Tang et al., 2021). The worsening of renal function was significantly associated with a cumulative dose of intravenous VCZ (≥400 mg/kg) (Yasu et al., 2018). Elderly patients often have impaired liver function, renal function, and chronic inflammation induced by chronic disease conditions. Therefore, we hypothesized that platelet count and renal function might affect VCZ metabolism in elderly patients.
This study aimed to identify the factors affecting VCZ C0 and C0/CN in younger adults and elderly patients using the stepwise multivariate linear regression model. In addition to the influencing factors reported in the literature, the TBA, IL-6, platelet count, hemoglobin, and renal function indexes were also included in the study.
MATERIALS AND METHODS
Patients and study design
A single-center prospective study was conducted from January 2018 to June 2022. The study analyzed patients who received both VCZ prophylaxis and treatment. The inclusion criteria were patients who: (a) received VCZ therapeutic drug monitoring (TDM); (b) aged ≥18 years; (c) with steady-state VCZ C0 ≥ 0.4 μg/ml; (d) with available IL-6 concentration data measured on the same day of VCZ C0 measurement (IL-6 level was routinely detected in our hospital); (e) with available routine blood, liver function, and renal function results measured on the same day of VCZ C0 measurement; and (f) agreed to the use of their blood samples for VCZ CN determination and signed informed consent forms.
This study was approved by the Ethics Committee of the First Affiliated Hospital of the Army Medical University. Patients were divided into two cohorts according to age: the elderly cohort (≥60 years) and the younger adult cohort (<60 years).
Data collection
The following data were collected from the medical chart: (a) demographic and clinical characteristics, including age, sex, weight, underlying diseases, fungal infection, VCZ dose and administration route, and combined use of proton-pump inhibitors (PPIs); (b) inflammation marker IL-6 levels; (c) routine blood examination indices, including hemoglobin levels and platelet count; (d) liver function indices, including alkaline phosphatase (ALP), ALT, AST, γ-GT, TBA, albumin, TBIL, direct bilirubin (DBIL), and indirect bilirubin (IBIL) levels; and (e) renal function indices, including urea nitrogen, creatinine levels, and estimated glomerular filtration rate (eGFR). VCZ dosing was adjusted according to the TDM result at the VCZ C0 measurement.
VCZ C0 and VCZ CN determination
VCZ C0 was measured routinely in the clinic. The steady state of VCZ C0 was defined as the concentration obtained after 3 days of intravenous VCZ therapy (a loading dose of 6 mg/kg) or oral VCZ therapy (a loading dose of 400 mg) or the concentration obtained after 5 days of VCZ therapy without a loading dose. VCZ N-oxide is the primary metabolite in plasma, accounting for 72% of circulating VCZ metabolites (Geist et al., 2013). The plasma VCZ C0/CN ratio may provide information about VCZ clearance. Therefore, the VCZ CN was detected. VCZ CN was measured together with VCZ C0 using liquid chromatography-tandem mass spectrometry (LC-MS/MS) as previously described (Shang et al., 2020). The limit of detection (LOD) of VCZ and VCZ N-oxide was 8 ng/ml and 10 ng/ml, respectively. The lower limit of quantification (LLOQ) of VCZ and VCZ N-oxide were both 400 ng/ml.
Statistical analysis
IBM SPSS 19.0 (IBM Corp., Armonk, NY, USA) was used to perform the analysis. Categorical data were compared with the chi-square test. Data that do not conform to a normal distribution are represented by the median and interquartile range (IQR). Data from the two cohorts were compared using independent sample t-tests and Mann-Whitney U tests. A stepwise multivariate linear regression model was used to identify the factors influencing the VCZ C0 and C0/CN ratios.
A total of 20 factors were used in the analysis, including sex, age, route of administration of VCZ, VCZ dose, combined use of PPIs, platelet count, and levels of hemoglobin, ALP, ALT, AST, γ-GT, TBA, albumin, TBIL, DBIL, IBIL, urea nitrogen, creatinine, eGFR, and IL-6. Additionally, the Spearman correlation test was performed to assess the association of the TBA level with VCZ C0 and VCZ C0/CN. The receiver operating characteristic (ROC) curve analysis was used to evaluate the predictive effect of indicators. Covariates with a p-value < 0.1 in the univariate analysis were entered into the multivariate analysis. A p-value < 0.05 was considered statistically significant.
RESULTS
Younger adult patients
A total of 161 younger adult patients were included, with 229 VCZ C0 and 102 VCZ C0/CN. The primary baseline diseases were pneumonia, kidney disease, and leukemia. Almost a third of the patients had negative fungus detection results. Most patients received VCZ intravenously, with a dose of 3.6 ± 0.9 mg/kg, twice daily. Almost half of the patients received PPIs when taking VCZ (Table 1). The percentages of ALP, ALT, AST, TBA, albumin, TBIL, and DBIL within the normal range were 58.3%, 53.4%, 50.0%, 75.7%, 69.3%, 71.9%, and 61.6%, respectively (Table 2).
TABLE 1 | Demographic and clinical chacteristics of patients in the two cohorts.
[image: Table 1]TABLE 2 | Laboratory data of patients in the two cohorts.
[image: Table 2]The independent influencing factors of VCZ C0 were levels of TBA and ALT and the use of PPIs. The independent influencing factors of VCZ C0/CN were IL-6, age, DBIL, and TBA levels (Table 3). TBA values showed a positive association with VCZ C0 (ρ = 0.176, p = 0.019) but not with VCZ C0/CN (ρ = 0.114, p = 0.305) (Figure 1). As shown in Figure 2, VCZ C0 increased significantly when TBA levels were higher than 10 μmol/L (p = 0.027). The analysis of the ROC curve indicated that TBA levels of ≥4.05 μmol/L, as well as the platelet count less than 31, increased the incidence of VCZ C0 greater than 5 μg/ml (95% CI = 0.54–0.74) (p = 0.007) (Figure 3). The ROC curve was not used for C0/CN due to the lack of a clinically significant threshold.
TABLE 3 | Influencing factor of VCZ C0 and C0/CN in younger adult patients.
[image: Table 3][image: Figure 1]FIGURE 1 | Association of total bile acid (TBA) level with voriconazole (VCZ) trough concentration (C0) and VCZ-to-VCZ N-oxide concentration ratio (C0/CN). (A). The TBA level was positively associated with VCZ C0 in younger adult patients; (B). There was no association between TBA level and VCZ C0/CN in younger adult patients; (C). There was a positive association between TBA level and VCZ C0 in elderly patients; (D). The TBA level was positively associated with VCZ C0/CN in elderly patients.
[image: Figure 2]FIGURE 2 | Distribution of voriconazole (VCZ) trough concentration (C0) and the VCZ-to-VCZ N-oxide concentration ratio (C0/CN) according to total bile acid (TBA) level. (A). VCZ C0 in younger adult patients was significantly increased when TBA levels were higher than 10 μmol/L; (B). VCZ C0/CN in younger adult patients was similar when TBA levels were between 0 and 10 μmol/L and higher than 10 μmol/L; (C). VCZ C0 in elderly patients was similar when TBA levels were between 0 and 10 μmol/L and greater than 10 μmol/L; (D). VCZ C0/CN in elderly patients increased significantly when TBA levels were higher than 10 μmol/L. #p < 0.05.
[image: Figure 3]FIGURE 3 | Receiver operating characteristic (ROC) curve to predict voriconazole trough concentrations greater than 5 μg/ml according to the total bile acid level (A), platelet count (B), and estimated glomerular filtration rate (C) in younger adult patients.
Elderly patients
A total of 143 elderly patients were included, with 234 VCZ C0 and 131 VCZ C0/CN. The primary baseline diseases were pneumonia, hypertension, and kidney disease. Thirty-four patients (23.8%) had negative fungi detection results. The proportion of men in the elderly cohort was higher than that in the younger adult cohort (p = 0.001). The route of VCZ administration in patients in the two cohorts was similar (p > 0.05). In contrast, the dose of VCZ in the elderly cohort was significantly lower than that in the younger adult cohort (p < 0.001) (Table 1).
VCZ C0 in the elderly cohort was significantly higher than that in the younger adult cohort (p < 0.05), while the VCZ C0/CN ratio in the two cohorts was similar (p > 0.05). The percentages of ALP, ALT, AST, TBA, albumin, TBIL, and DBIL within the normal range were 57.9%, 67.5%, 58.4%, 67.8%, 73.4%, 71.6%, and 59.5%, respectively. The levels of IL-6, platelet count, hemoglobin, TBA, and urea nitrogen in the elderly cohort were significantly higher than those of the younger adult cohort (p < 0.05) (Table 2).
The independent influencing factors of VCZ C0 were the levels of DBIL, albumin, and eGFR. The independent influencing factors of VCZ C0/CN were eGFR, ALT, γ-GT, TBA, and platelet count (Table 4). The TBA level showed a positive association with VCZ C0 (ρ = 0.204, p = 0.006) and C0/CN (ρ = 0.342, p < 0.001), respectively (Figure 1). VCZ C0/CN significantly increased when TBA levels were higher than 10 μmol/L (p = 0.025) (Figure 2). ROC curve analysis indicated that when the TBA level ≥14.55 μmol/L, the incidence of a VCZ C0 greater than 5 μg/ml (95% CI = 0.52–0.71) (p = 0.048) increased (Figure 4).
TABLE 4 | Influencing factor of VCZ C0 and C0/CN in elderly patients.
[image: Table 4][image: Figure 4]FIGURE 4 | Receiver operating characteristic (ROC) curve to predict voriconazole trough concentrations greater than 5 μg/ml according to the total bile acid level (A), platelet count (B), and estimated glomerular filtration rate (C) in elderly patients.
DISCUSSION
VCZ-induced adverse reactions are generally considered the main reason for drug discontinuation and treatment failure associated with C0 (Jin et al., 2016; Hamada et al., 2020). Our previous study also showed a considerable number of VCZ C0 greater than 5 μg/ml, with a ratio of 23.4% in the younger adult cohort and 31.3% in the elderly cohort (Cheng et al., 2020). Therefore, it is crucial to investigate factors affecting VCZ metabolism. A significant correlation was found between VCZ C0 and age (Allegra et al., 2020; Bolcato et al., 2021). Niioka et al. found that older Japanese patients had higher VCZ C0/CN ratios (Niioka et al., 2017). Age was also a predictor of VCZ trough levels >5 μg/ml (Chen et al., 2022). Therefore, we investigated the factors affecting VCZ C0 and C0/CN in younger and elderly patients.
Our previous study found that IL-6 levels were associated with the VCZ C0/CN ratio in both younger and elderly patients (r = 0.355, p = 0.003; r = 0.386, p = 0.001). Therefore, this study included IL-6 as an inflammatory marker. IL-6 can directly target liver cells and down-regulate CYP2C19 and CYP3A4 gene expression during inflammation (Li et al., 2014; Klein et al., 2015), affecting VCZ metabolism. Our results showed that IL-6 level was an independent influencing factor of VCZ C0/CN in younger adults, which further confirmed the results of our previous study (Cheng et al., 2020; Liang et al., 2022).
Data on the effect of TBA on VCZ metabolism are limited. In the current study, TBA level was the independent influencing factor of VCZ C0 and C0/CN in younger adult patients and the independent influencing factor of C0/CN in older patients. TBA can effectively reflect the liver cell injury and the secretion and synthesis function of liver cells. TBA levels rise before the increase of bilirubin, which may partially explain our findings. Furthermore, the ROC curve identified the good predictive effects of TBA for VCZ C0 greater than 5 μg/ml. Our results indicate that TBA could be a good predictor of VCZ C0 in younger adult patients.
Platelets emerge as key players in inflammation and are key elements in the early phases of the inflammatory response (Nicolai and Massberg, 2020; Portier and Campbell, 2021). Accumulating evidence demonstrates that platelets contribute to the initiation and propagation of both local and systemic inflammatory processes (Manne et al., 2017). Since platelet count is routinely measured at our hospital, it was chosen as a key element in the inflammatory response. C-reactive protein (CRP) is an inflammatory marker commonly investigated in association with VCZ C0 and VCZ C0/CN in IFI patients (Dote et al., 2016; Encalada Ventura et al., 2016; Veringa et al., 2017; Vreugdenhil et al., 2018). We did not include CRP in this study due to the limited CRP data in the elderly. We also omitted procalcitonin because its association with VCZ C0/CN was insignificant in our previous study (Liang et al., 2022). Our results showed that platelet count was an independent influencing factor of VCZ C0/CN in elderly individuals. Therefore, platelet count could be considered in patients on VCZ therapies.
Liver function is generally considered to influence VCZ metabolism. VCZ is bound to albumin. Decreased albumin levels increase the unbound fraction of VCZ (Vanstraelen et al., 2014). Serum albumin and γ-GT levels were significantly correlated with the VCZ clearance rate (Chantharit et al., 2020). This study found that albumin level was an independent influencing factor of VCZ C0, and the γ-GT level was an independent influencing factor of VCZ C0/CN in elderly patients. Plasma TBIL concentration significantly influenced VCZ protein-protein binding (Vanstraelen et al., 2014). The TBIL level was associated with VCZ clearance in IFI patients with liver dysfunction (Tang et al., 2021). TBIL level was also considered an independent factor influencing VCZ C0 (Cheng et al., 2020; Zeng et al., 2020; Zhao Y. et al., 2021). However, our results showed that levels of DBIL but not TBIL influenced VCZ C0 and C0/CN. The liver is rich in a smooth endoplasmic reticulum (ER) equipped with enzymes that metabolize several drugs, including VCZ. DBIL is bioconverted to IBIL in the ER. DBIL levels may reflect the state of the ER and then exhibit an association with the metabolism of VCZ.
We found that eGFR was an independent influencing factor of VCZ C0 and VCZ C0/CN in elderly individuals. Our results showed that the eGFR in the elderly cohort was lower than that in the younger adult cohort, indicating an impaired renal function in the elderly cohort. Although VCZ dose adjustment is not recommended for patients with renal impairment, we should still pay attention to its use in the elderly based on our results. Furthermore, the degree of inflammation in the elderly cohort was more severe than in the younger adult cohort, with impaired liver and kidney function. Therefore, the use of VCZ in elderly patients should be monitored.
CYP2C19, CYP3A4, and CYP2C9 enzymes metabolize PPIs. The combined use of PPIs with VCZ can affect VCZ concentration (Yan et al., 2018). PPIs also significantly affected VCZ C0 in younger adult patients in our study.
This study has several limitations. First, we did not include samples with VCZ C0 lower than 0.4 mg/L because the LLOQ of VCZ and VCZ N-oxide were both 400 ng/ml. Second, although the polymorphisms of CYP2C19*2 and *3 are critical for examining the pharmacokinetics of VCZ (Moriyama et al., 2017), the CYP2C19 genotypes were not assessed since testing is not routinely performed. Finally, this study had a relatively small sample size. A large multicenter, prospective study is needed to confirm our results.
In conclusion, we report for the first time that TBA, eGFR, and platelet count were associated with VCZ C0 and C0/CN. Furthermore, the TBA level had a good predictive effect on VCZ C0 in younger adult patients and may serve as a novel marker of VCZ metabolism. eGFR and platelet count should also be considered when using VCZ, especially in elderly patients.
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Atherosclerosis (AS) is the pathology of atherosclerotic cardiovascular diseases (ASCVD), characterized by persistent chronic inflammation in the vessel wall, in which monocytes/macrophages play a key role. It has been reported that innate immune system cells can assume a persistent proinflammatory state after short stimulation with endogenous atherogenic stimuli. The pathogenesis of AS can be influenced by this persistent hyperactivation of the innate immune system, which is termed trained immunity. Trained immunity has also been implicated as a key pathological mechanism, leading to persistent chronic inflammation in AS. Trained immunity is mediated via epigenetic and metabolic reprogramming and occurs in mature innate immune cells and their bone marrow progenitors. Natural products are promising candidates for novel pharmacological agents that can be used to prevent or treat cardiovascular diseases (CVD). A variety of natural products and agents exhibiting antiatherosclerotic abilities have been reported to potentially interfere with the pharmacological targets of trained immunity. This review describes in as much detail as possible the mechanisms involved in trained immunity and how phytochemicals of this process inhibit AS by affecting trained monocytes/macrophages.
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1 INTRODUCTION
Atherosclerotic cardiovascular diseases (ASCVD) have emerged as the most common burden of disease as a result of the aging and expanding global population (Mensah et al., 2019). As the pathology of ASCVD, atherosclerosis (AS) generates a continuous buildup of vessel-occluding plaques in the subendothelial intimal layer of coronary arteries, eventually leading to considerable blood flow restriction and essential tissue hypoxia (Libby, 2002; Gallino et al., 2014). Most cardiovascular events are caused by the rupture of atherosclerotic plaques in the arterial artery wall and the subsequent formation of an occluding thrombus.
In addition to the deposition and retention of modified lipoproteins and the buildup of immune cells in the walls of major arteries, AS is characterized by a low-grade, persistent, chronic inflammation of the arterial wall (Edgar et al., 2021). All phases of AS are mostly attributed to monocytes and monocyte-derived macrophages, which are also thought to be responsible for persistent chronic inflammation (Moore et al., 2013). The traditional view is that innate immune cells, such as macrophages, can only eliminate pathogens non-specifically through biological processes such as phagocytes (Bonilla and Oettgen, 2010). However, a growing body of research suggests that monocytes/macrophages may also develop memory capabilities similar to those of the adaptive immune system after exposure to pathogens (Arts et al., 2018). Myeloid cells of the innate immune system become more sensitive after activation with the same or different stimuli to produce a persistent inflammatory monocyte/macrophage phenotype, a phenomenon known as “trained immunity” or “innate immunological memory” (Netea et al., 2020). This persistent overactivation of the innate immune system could contribute to the incessant vascular wall inflammation that is characteristic of AS (Moore et al., 2013).
For thousands of years, herbal medicines have been widely utilized alone or as a supplementary strategy to treat various disorders in East Asia because of their reduced toxicity, fewer side effects, and cheaper cost (Wang et al., 2018). Along with the development of these natural therapies, herbal medicine is becoming more widely accepted as a supplement and alternative therapy in many countries (Liang et al., 2021). According to the most recent statistics on US-FDA (United States Food and Drug Administration) authorized drugs, herbal remedies have been a vital source of novel medications (Newman and Cragg, 2020). A growing body of scientific evidence has revealed that natural medicines and phytochemicals from natural herbal medicines exhibit promising anti-AS properties (Zhang et al., 2021a). Based on the regulation of targeting trained immunity in monocyte and macrophage, natural compounds generated from herbal remedies are surely excellent resources for selecting potential therapeutics to treat AS.
This review aims to provide more information on the role of trained immunity in the pathophysiology of AS, which might be a potential pharmacological target of natural products.
2 TRAINED IMMUNITY IN AS
Conventional wisdom generally considers the adaptive immune system as a specific protective mechanism that can form more specialized lines of defense against re-infection with the same pathogens (Domínguez-Andrés et al., 2019). However, innate immune cells (e.g., macrophages/monocytes) have been reported to display similar immune memory, referred to as trained immunity (Conrath et al., 2015; Milutinović and Kurtz, 2016; Gourbal et al., 2018). Studies of gene-specific chromatin changes brought about by lipopolysaccharide (LPS) have first shown trained immunity characteristics of monocytes/macrophages (Foster et al., 2007). Subsequently, infectious stimuli, such as β-glucan and Bacille Calmette–Guérin (BCG), improved their reactivity to stimulation with unrelated infections or molecular patterns linked with those pathogens (Quintin et al., 2012; Saeed et al., 2014). Factors that contribute to the development of AS, such as uric acid and oxidized low-density lipoprotein (oxLDL), and other endogenous ligands can activate trained immunity (Bekkering et al., 2014; Crişan et al., 2017). Freshly isolated monocytes from patients who had symptoms of coronary artery disease (CAD) had a higher capacity to produce cytokines than those from healthy controls, and this capacity was maintained following ex vivo conversion to macrophages for 5 days (Shirai et al., 2016). The atherogenic factors are characterized by increased production of proatherogenic cytokines and chemokines like tumor necrosis factor-α (TNF-α), IL-6, monocyte chemoattractant protein-1 (MCP-1), matrix metalloproteinases 2 (MMP-2), and MMP-9 and increased foam cell formation is indeed demonstrated by large-scale phenotyping of trained macrophages in vitro (Bekkering et al., 2014).
After short activation with endogenous ligands, a persistent proinflammatory phenotype can emerge in AS monocytes/macrophages (Leentjens et al., 2018). The three key components of trained immunity are metabolic reprogramming, epigenetic reprogramming, and the promotion of myelopoiesis progenitors (Fanucchi et al., 2021) (Figure 1). First, metabolic reprogramming is responsible for the induction, maintenance, and regulation of trained immunity. Different metabolic pathways supply the required substrates for altering the structure of the respective sections of the chromatin and genome, in addition to acting as a source of energy and building components for the dynamic remodeling of the epigenetic landscape. Second, epigenetic reprogramming ultimately links metabolic changes to a cell’s gene expression and inflammatory phenotype. Finally, trained immunity in bone marrow by hematopoietic stem cells (HSCs) maintains long-term effects on circulating monocytes through differentiation into progenitor and mature cells (Mitroulis et al., 2018). In addition to atherosclerotic triggers, such as lipoproteins, glucose, diet, and microbiota-derived substances, proinflammatory cytokines secreted by monocytes/macrophages with an inflammatory phenotype may alter the tissue microenvironment by altering macrophages, the functional state of cells, leading to a vicious circle (Groh et al., 2018).
[image: Figure 1]FIGURE 1 | Schematic diagram of the trained immunity mechanism in atherosclerotic cardiovascular disease. In the hematopoietic system, myeloid cells exposed to endogenous triggers undergo epigenetic and metabolic reprogramming, resulting in acquiring innate immune memory. The initial gene activation is accompanied by the accumulation of H3K4me3 on the gene promoter, and the persistence of H3K4me1 or H3K27ac in secondary stimulation leads to an enhanced innate immune response. These trained myeloid cells differentiate into monocytes, which travel further into the intima to become macrophages. Trained macrophages produce high levels of proinflammatory cytokines such as TNF-α, IL-6, IL-8, and IL-18 and uptake of lipids to form foam cells. When plaques form, endogenous stimuli may be further released to form trained immunity mediated by the NLRP3 inflammasome.
2.1 Metabolic reprogramming of trained immunity in AS
The trained immune activation has to quickly access a supply of substrates to initiate the numerous metabolic processes associated with the immune response. Intracellular metabolic pathways of glucose, amino acids, lipids, and nucleic acids are altered in response to trained immune activation (Fanucchi et al., 2021). When normal cells are at rest, they obtain enough energy via metabolic processes that are extremely effective but rather slow, such as oxidative phosphorylation (OXPHOS) and fatty acid oxidation (FAO) (Augert et al., 2020). In contrast, trained immune cells continue to opt for “aerobic glycolysis,” which uses glycolysis instead of OXPHOS to generate energy under normoxic conditions, similar to the “Warburg effect” in cancer (Mills et al., 2016; Renner et al., 2017). In addition to glucose metabolism, trained immune cells exhibit altered lipid and amino acid metabolic patterns. For instance, the Krebs cycle’s anabolic redefinition to synthesize cholesterol and phospholipids from citrate and acetyl coenzyme A (CoA) is a crucial metabolic event in trained monocytes (Arts et al., 2016a). When exposed to β-glucan, cholesterol synthesis is increased, but fluvastatin, an inhibitor of the enzyme 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase, inhibits trained immunity by downregulating histone H3 lysine 4 trimethylation (H3K4me3) and limiting the production of proinflammatory cytokines (Bekkering et al., 2018). For the progression of AS, the control of cholesterol import and efflux is critical. Similar to glutamine, arginine, and glycine, several particular amino acids are overexpressed in atherosclerotic plaques and have AS-promoting effects (Mallat et al., 1999; Sheehan et al., 2011). The intermediate metabolites from many metabolic pathways, such as aerobic glycolysis, glutaminolysis, cholesterol metabolism, and fatty acid synthesis, not only are a source of energy for the cell but also play several significant biological roles (Groh et al., 2018). Additionally, some chemo drugs made from natural herbal products, such as resveratrol and epigallocatechin gallate, can prevent cells from reprogramming their metabolism in response to AS.
2.1.1 Glucose metabolism and AS
Although OXPHOS produces ATP more efficiently than other cellular processes (approximately 30 ATP molecules can be produced per glucose molecule during OXPHOS, whereas glycolysis can only produce two ATP molecules per glucose molecule) (Tabas and Bornfeldt, 2020). However, glycolysis produces ATP faster than OXPHOS, allowing immune cells to respond quickly to stimuli (Tabas and Bornfeldt, 2020). A clinical trial found an enhanced capacity for cytokine production in circulating monocytes obtained from ASCVD patients, which was associated with the upregulation of glycolytic enzymes (Bekkering et al., 2016; Shirai et al., 2016). This phenotype continued even after in vitro macrophage differentiation, displaying a greater glycolytic flux and a higher oxygen consumption rate (Shirai et al., 2016). Furthermore, the inhibition of specific tricarboxylic acid (TCA) cycle steps that support inflammatory processes is associated with increased glycolysis in inflammatory macrophages that primarily produce and release proinflammatory mediators, such as interleukin-1 (IL-1), TNF-α, chemokine C–C motif ligand 2 (CCL2), IL-12, and nitric oxide (NO), through inducible nitric oxide synthase (iNOS). The key proteins involved in glycolysis are introduced in the following sections.
2.1.1.1 GLUT1
Glucose transporter 1 (GLUT1; gene name SLC2A1) on the cell membrane initiates glucose uptake by monocytes/macrophages (Fukuzumi et al., 1996). LPS and oxLDL, which cause inflammation, can boost GLUT1 expression and thereby increase glucose influx. Hexokinase phosphorylates glucose inside the cell to produce glucose-6-phosphate, which is then utilized in the pentose phosphate pathway (PPP), fatty acid synthase (FAS), or glycolysis. When glucose is processed in the cytosol by glycolysis, two ATPs and pyruvates are produced. Pyruvate produced during glycolysis either enters the mitochondrial TCA cycle or is transformed to lactate by lactate dehydrogenase (Christofk et al., 2008). In plaque macrophages, GLUT1 can promote antiatherosclerotic activities. The efferocytosis procedure increases the expression of GLUT1, which promotes an increase in glucose absorption and a transition from OXPHOS to improved aerobic glycolysis, both of which are required for the effective clearance of apoptotic cells (Morioka et al., 2018). When myeloid-targeted LysM-Cre Slc2a1fl/fl animals were transplanted into Ldlr−/− mice on a Western-style diet (WTD), the amount of necrotic core in the aorta increased (Morioka et al., 2018). Another study revealed that GLUT1 deletion in hematopoietic cells inhibited myelopoiesis, monocyte recruitment to lesions, and the progression of AS in ApoE−/− mice, indicating that the main role of GLUT1 in this model was to encourage the proliferation of bone marrow HSCs and multi-potential progenitors, as well as the commitment of these cells to the bone marrow (Sarrazy et al., 2016).
2.1.1.2 HIF-1α
Hyperoxia-inducible substance 1α (HIF-1α) is activated in hypoxic circumstances, allowing cells to switch to glycolysis and create ATP when oxygen is limited. Low oxygen levels trigger the HIF-1α transcription factor to initiate glycolytic metabolism, which decreases the need for OXPHOS and increases the expression of the key glycolysis proteins GLUT1, hexokinase II (HK-II), and 6-phosphofructo-2-kinase/fructo-2, 6-bisphosphatase (PFKFB3), which increases glycolytic flux (Tawakol et al., 2015). The activated macrophages will emit a lot of cytokines and absorb a lot of glucose. Indeed, hypoxia, HIF-1α expression, and FDG (fluorodeoxyglucose) uptake in macrophages are associated with atherosclerotic plaques in animal models of AS (Folco et al., 2011; Tawakol et al., 2015; Aarup et al., 2016).
2.1.2 Lipid metabolism and AS
In homeostasis, lipoproteins taken up by macrophages are transported to lysosomes for the hydrolysis of cholesteryl esters. Free cholesterol is transported to the cytoplasm, where it is transported to the cell membrane for export or transported to the ER for re-esterification and storage in lipid droplets (LDs). Macrophages in advanced plaques provide signs of huge accumulations of free cholesterol, which suggests a breakdown in the mechanisms that keep cholesterol levels in balance. Membrane damage and metabolic dysregulation in the ER and mitochondria are required to maintain macrophage cholesterol homeostasis and reduce inflammation, which results from excessive accumulation of free cholesterol. Furthermore, high levels of modified cholesterol, oxLDL, are taken up by macrophages to form foam cells and promote plaque by secreting numerous proinflammatory cytokines and chemokines and producing MMPs that degrade plaque extracellular matrix pathogenesis (Khokha et al., 2013; Tall and Yvan-Charvet, 2015). It is reported that the induction of trained immunity in monocytes required stimulation of the cholesterol biosynthesis pathway but not cholesterol synthesis itself. oxLDL is an endogenous ligand that triggers trained immunity to activate monocytes/macrophages (Bekkering et al., 2014; Crişan et al., 2017). Another crucial characteristic of monocytes trained on β-glucan is increased cholesterol production (Netea et al., 2020). In primary human monocytes, fluvastatin, an inhibitor of HMG-CoA reductase, inhibits trained immunity (Arts et al., 2016a). Notably, β-glucan-induced training of mature myeloid cells and their progenitors requires enhanced cholesterol production. The accumulation of cholesterol esters and lipids with more saturated acyl chains is associated with the long-term myelopoiesis bias that β-glucan induced training imparts to HSCs (Mitroulis et al., 2018). The HSC population increase and myelopoiesis caused by β-glucan are reduced by HMG-CoA reductase inhibitor (Mitroulis et al., 2018).
2.1.3 Amino acid metabolism and AS
Under AS pathological conditions, amino acid metabolites play an important role in supporting the induction, maintenance, and regulation mechanisms of trained immunity (Napoli et al., 2006). Therefore, it is necessary to decipher the role of specific amino acid metabolites in the induction of trained immunity.
2.1.3.1 Glutamine
Glutamate is one of the amino acids that has been well-studied for its role in controlling inflammation (Wallace and Keast, 1992). By directly converting into glutamate, α-ketoglutarate, and succinate semialdehyde, glutamine contributes to the TCA cycle (Jha et al., 2015). Additionally, glutamate can be employed as a source of citrate for the FAS-catalyzed production of fatty acids. Recent research has demonstrated that glutaminolysis is increased in trained macrophages and is essential for the establishment of a trained macrophage phenotype in response to β-glucan (Arts et al., 2016a). In a different research study, oxidized phospholipids made of 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine (oxPAPC) were exposed to macrophages, which led to the development of AS, glutaminolysis, and IL-1 48. This study demonstrated that in contrast to macrophages activated with LPS alone, those exposed to oxPAPC and LPS together had a metabolic change (Di Gioia et al., 2020). This metabolic shift was characterized by increased mitochondrial respiration, glutaminolysis, and accumulation of oxaloacetate, which stabilized HIF-1α and increased IL-1β production. IL-1β immunoreactivity in CD68+ lesional cells decreased in mice with systemic suppression of this pathway, which also reduced early AS (Di Gioia et al., 2020). Furthermore, the TCA cycle’s glutamine replenishment causes fumarate to accumulate, which integrates immunological and metabolic circuits to cause monocyte epigenetic reprogramming by inhibiting KDM5 activity and boosting the methylation of histone lysine 4 residues (Arts et al., 2016a). An epigenetic program identical to trained immunity-mediated by β-glucan was induced by fumarate. To support this, glutaminolysis inhibition and cholesterol production suppression in mice decreased the induction of trained immunity by β-glucan (Arts et al., 2016a).
2.1.3.2 Arginine
In the context of AS pathology, arginine metabolism and its by-product NO are critical for the early stages of the disease (Lv et al., 2021). iNOS is ubiquitously expressed in activated and developing macrophages. NO creation by arginine is probably a factor in the metabolic transition. NO has been reported to inhibit OXPHOS in activated dendritic cells and inflammatory macrophages downstream of iNOS (Everts et al., 2012; Van den Bossche et al., 2016). Conversely, in alternatively activated macrophages and in the macrophages of atherosclerotic lesions that are regressing, Arg1 converts arginine to putrescine (Willecke et al., 2015). Under specific conditions, these two arginine metabolic routes can inhibit one another. As a result, NO inhibits ornithine decarboxylase’s ability to catalyze the conversion of ornithine to putrescine by S-nitrosylation a cysteine that is essential for the enzyme’s ability to function (Bauer et al., 2001). Conversely, ornithine decarboxylase prevents macrophages from becoming activated in an inflammatory response (Hardbower et al., 2017). Arginine metabolism has been reprogrammed, which promotes proinflammatory and healing processes.
2.1.3.3 Serine
Recent research has demonstrated that LPS-activated macrophages promote serine synthesis, PPP, and one-carbon metabolism, which synergistically drive epigenetic reprogramming of IL-1β expression. The production of S-adenosylmethionine (SAM) during LPS-induced inflammation is fueled by the synergistic integration of glucose-derived ribose and one-carbon units supplied by glucose and serine metabolism into the methionine cycle through de novo ATP synthesis. Impairment of these metabolic pathways that feed SAM generation leads to anti-inflammatory outcomes (Yu et al., 2019). According to a different research study, serine is necessary for the synthesis of glutathione and IL-1β through the action of glycine (Rodriguez et al., 2019).
2.2 Epigenetic reprogramming of trained immunity in AS
Regulating gene expression without changing the DNA sequence itself is referred to as epigenetic reprogramming. Epigenetic reprogramming enables innate immune cells to react to future stimuli with a stronger, quicker, or qualitatively different transcriptional response (Zarzour et al., 2019). Epigenetic regulatory mechanisms encompass diverse molecular processes, including histone post-translational modifications, DNA methylation, and long non-coding RNAs (lncRNAs).
2.2.1 Histone modifications
Epigenetic reprogramming occurs primarily through histone changes at the level of the chromatin structure to promote a sustained enhanced functional state of trained innate immune cells (Saeed et al., 2014). Neutralization of the positive charge of lysine residues in histones by histone acetylation increases the binding of transcription factors activating gene transcription (Bannister and Kouzarides, 2011). The specific lysine residue implicated and the sum of the additional methyl groups determine the effect of histone methylation on gene transcription. Two important epigenetic marks for trained immunity are as follows: the H3K4me3 accumulation at the gene promoter and the histone 3 lysine 27 acetylation (H3K27ac) acquisition at the gene’s distal enhancer (generated by histone 3 lysine acid 4 methylation (H3K4me1)) (Netea et al., 2020).
2.2.2 DNA methylation
DNA methylation is involved in the regulation of patterns of gene expression. DNA methyltransferases (DNMTs) use CpG-rich regions as recognition cues to methylate cytosines (m5C), which suppresses transcription. Proteins with histone-binding domains that can “read,” “write,” or “erase” histone marks may detect the tails that protrude from histone octamers (Fanucchi et al., 2021). In addition to methylation, acetylation, phosphorylation, and ubiquitination, these enzymes can catalyze the addition or removal of a broad and diverse range of other histone modifications. Different DNA methylation patterns discriminate between “responders” (those who can experience taught immunity) and “non-responders” to stimuli, such as BCG, that produce trained immunity (Verma et al., 2017). Forty-three genes had distinct methylation patterns in BCG-naive responders as opposed to non-responders in a follow-up investigation, which may be utilized to predict sensitivity to triggers of trained immunity (Das et al., 2019). Numerous studies have shown that various DNA and histone modification combinations affect whether DNA is kept in an accessible or “open” state or an inaccessible or “closed” one (Fanucchi et al., 2021). To enable quick and effective transcriptional activation, highly accessible DNA is quickly bound by the transcriptional machinery and transcription factors. This establishes a clear connection between the transcriptional state of protein-coding genes and the “openness” of DNA.
2.2.3 lncRNAs
During trained immunity, lncRNA-dependent regulation has a significant impact on the epigenetic reprogramming of immune genes (Fanucchi et al., 2021). Several lncRNAs known as immune-gene priming lncRNAs (IPLs) were found by the application of a bioinformatic pipeline that comprised 3D nuclear architecture, lncRNA and enhancer expression data, and the epigenetic status of immune genes at the genome scale (Fanucchi et al., 2019). The WD repeat-containing protein 5 (WDR5)-mixed lineage leukemia protein 1 complex is directed across the chemokine promoters by UMLILO (upstream master lncRNA of the inflammatory chemokine locus), allowing H3K4me3 epigenetic priming, according to careful analysis of a prototypical IPL known as UMLILO (Fanucchi et al., 2019). Several trained immune genes share this mechanism. Training mediated by β-glucan upregulates IPLs in a way that depends on the nuclear factor of activated T cells, which epigenetically reprograms immune genes. The Cxcl genes are not trained, and the murine chemokine topologically associating domain is devoid of an IPL. Cxcl genes are trained as a result of the insertion of UMLILO into the chemokine topologically associating domain in murine macrophages (Fanucchi et al., 2019). This offers compelling evidence that the development of trained immunity depends on lncRNA-mediated control. Further research is required to examine these pathways in various experimental contexts, as recent studies have only examined the function of IPLs in β-glucan-induced trained immune characteristics.
2.3 Modulation of myelopoiesis progenitors
The observation of trained circulating monocytes months after BCG vaccination suggests that adaptive processes induced by trained immunity involve alterations in hematopoietic progenitors at the bone marrow level (Kleinnijenhuis et al., 2012). Evidence shows that trained immunity plays a role at the bone marrow level in the context of AS. In mice, the administration of β-glucan leads to long-term transcriptional and metabolic alterations in hematopoietic stem and progenitor cells, resulting in their expansion and bias toward myelopoiesis. This enhances their ability to respond to secondary LPS stimulation and protects them from chemotherapy-induced myelosuppression (Mitroulis et al., 2018). The shared β-subunit of the IL-3/GM-CSF receptor, CD131, is linked with enhanced surface expression in this long-term reprogramming. In a mouse model of predisposition to AS, a similar process occurs when hypercholesterolemia induces enhanced myeloid proliferation and inflammation, suggesting a possible role for trained immunity in the context of traditional cardiovascular risk factors (Wang et al., 2014). Existing evidence also supports a link between enhanced glycolysis in myeloid cells and AS. In hypercholesterolemic ApoE−/− mice, leucocytes and HSPCs show enhanced GLUT1-dependent glucose absorption, which is linked to an elevated mitochondrial potential, providing evidence for a role for myeloid cell glycolysis in myelopoiesis and atherogenesis. This suggests that the mitochondria in these cells are fed by the inflow of glycolytic metabolites for OXPHOS and ATP synthesis (Sarrazy et al., 2016).
3 ENDOGENOUS TRIGGERS OF TRAINED IMMUNITY
In addition to microbial sources, endogenous molecules, such as cellular metabolites oxLDL, lipoprotein(a), and hyperglycemia, can induce trained immunity (Bekkering et al., 2014; van der Valk et al., 2016; Braza et al., 2018; Edgar et al., 2021). These endogenous triggers play a role in the development of ASCVD (Flores-Gomez et al., 2021). We will discuss the link between these endogenous triggers of trained immunity and atherosclerotic plaque formation in activated monocyte–macrophages (Table 1).
TABLE 1 | Endogenous triggers of trained immunity.
[image: Table 1]3.1 oxLDL
oxLDL is a modified lipoprotein and is one of the key atherogenic molecules within plaques that activates immune cells (Moore and Tabas, 2011). oxLDL-trained macrophages exhibit significant metabolic and epigenetic rewiring, similar to BCG and β-glucan. The mammalian target of the rapamycin (mTOR)/HIF1-α signaling pathway is necessary for the upregulation of glycolysis and OXPHOS in oxLDL-induced cells (Keating et al., 2020). The increase in glycolysis and the proinflammatory phenotype in macrophages were avoided by pharmacological suppression of the mTOR pathway and the signaling molecules involved and by inhibiting glycolysis with 2-deoxyglucose (Sohrabi et al., 2018). Epigenetic reprogramming is another characteristic of oxLDL-trained macrophages. OxLDL interacts with the myeloid cell surface receptor cluster of differentiation 36 (CD36) as a damage-associated molecular pattern (DAMP) (Moore et al., 2013). The internalization and release of oxLDL into the cytoplasm may create cholesterol crystals, which activates the NOD-, LRR-, and pyrin domain-containing protein 3 (NLRP3) inflammasome and releases IL-1β and other proinflammatory cytokines, as well as a protracted inflammatory response (Sheedy et al., 2013). Promoters of genes encoding proinflammatory and proatherogenic cytokines and chemokines, such as IL-6, TNF-α, type A scavenger receptor (SR-A), and CD36, are more likely to have the activating histone modification H3K4me3 20. OxLDL training was fully blocked by pharmacologically inhibiting histone methyltransferases, demonstrating that epigenetic alterations are what actually trained immunity by oxLDL (Bekkering et al., 2014).
3.2 Lipoprotein(a)
Lipoprotein(a) is the main circulating carrier of oxidized phospholipids, which plays an important role in atherogenesis (Boffa and Koschinsky, 2019). Monocytes from healthy donors exposed for 24 h to high lipoprotein(a) extracted from hyperlipidemic patients produced more proinflammatory cytokines during the subsequent 6 days compared to controls. Anti-oxidized phospholipid antibodies reduced the training of monocyte-derived macrophages, demonstrating that oxidized phospholipids are the mediating factor in this process (van der Valk et al., 2016). After Pam3Cys and LPS ex vivo stimulation, monocytes showed an increased ability to generate proinflammatory cytokines, including IL-6 and TNF-α (van der Valk et al., 2016). A recent study has shown that individuals with cardiovascular diseases (CVD) may have their proinflammatory monocyte activation reversed by significantly reducing their lipoprotein(a) levels, demonstrating that at least some of this proinflammatory impact is reversible (Stiekema et al., 2020).
3.3 Hyperglycemia
Hyperglycemia, a cardinal feature of diabetes, exacerbates AS progression, delays plaque regression (Parathath et al., 2011), and increases proinflammatory gene expression and resistance to induction of M2-related gene expression (American Diabetes Association, 2015). Evidence suggests that hyperglycemia induces trained immunity in HSCs and macrophages, significantly exacerbating AS (Edgar et al., 2021). High extracellular glucose stimulated the production of proinflammatory genes and the functional properties that are proatherogenic in macrophages through pathways that depend on glycolysis. These traits were sustained by diabetic mouse bone marrow-derived macrophages even when they were cultivated in physiological glucose, showing hyperglycemia-induced trained immunity. A disease-relevant and enduring kind of trained innate immunity was demonstrated by an increase in aortic root AS following bone marrow transplantation from diabetic mice into (normoglycemic) Ldlr−/− mice. HSCs and macrophages generated from the bone marrow showed a proinflammatory priming effect in diabetes, according to integrated tests for transposase-accessible chromatin, chromatin immunoprecipitation, and RNA sequencing analysis (Edgar et al., 2021). Transcription factors, notably runt-related transcription factor 1 (Runx1), are implicated as mediators of trained immunity (Himes et al., 2005). These in vitro signs of trained immunity brought on by hyperglycemia were eliminated by pharmacological suppression of Runx1.
3.4 Catecholamines
Increased sympathetic nervous system activity leads to proinflammatory leukocytosis in models of chronic psychological stress, stroke, and myocardial infarction (Dutta et al., 2012; Heidt et al., 2014; Courties et al., 2015). The pathways causing inflammatory alterations in disorders with high catecholamine levels can be explained by the fact that catecholamines cause long-lasting proinflammatory modifications in monocytes in vitro and in vivo, indicating well-trained immunity (van der Heijden et al., 2020a). After being restimulated with LPS 6 days later, monocyte-derived macrophages exposed to a relevant quantity of epinephrine/norepinephrine had higher levels of TNF-α and IL-6. Similar to oxLDL, this trained immune phenotype is connected to a higher glycolytic capability and OXPHOS. Studies using pharmacological inhibition demonstrated that the cAMP-protein kinase A pathway and the β-adrenergic receptors 1 and 2 are crucial for catecholamine-induced training (van der Heijden et al., 2020a). Patients who have pheochromocytoma and are regularly exposed to brief bursts of catecholamine production have this proinflammatory monocyte characteristic (Neumann and Young, 2019). Systemic inflammatory symptoms and an increased ex vivo cytokine response in activated monocytes were present in these individuals (Neumann and Young, 2019).
3.5 Aldosterone
Human macrophages deriving from monocytes have a long-lasting proinflammatory phenotype in vitro in response to transiently elevated aldosterone concentrations, which may be a factor in the atherosclerotic condition AS chronic inflammation of the artery wall (van der Heijden et al., 2020d). Aldosterone affects intracellular metabolism by increasing fatty acid synthesis, but it does not influence glycolysis and OXPHOS, as found in oxLDL training (van der Heijden et al., 2020c). Additionally, training by aldosterone is linked to the enrichment of H3K4me3 at the promoters of proinflammatory cytokines, including TNF-α and IL-6, demonstrating that aldosterone trains monocyte-derived macrophages in vitro. However, circulating monocytes are not more capable of producing cytokines in individuals with primary hyperaldosteronism. The macrophages of individuals with primary hyperaldosteronism only express more TNF-α following ex vivo differentiation into macrophages in autologous serum (van der Heijden et al., 2020b). These findings imply that aldosterone differs from the trained immune systems that have been well-established and elaborated by other stimuli.
3.6 Hyperlipidemia
Recent research examined the possibility that a WTD, which is high in fats, sweets, and salt and lacks fiber, might lead to trained immunity (Christ et al., 2018). Circulating monocytes and their myeloid progenitors in AS-prone Ldlr−/− mice were significantly affected by proinflammatory transcriptional and epigenetic reprogramming from this WTD over 4 weeks. Increased inflammatory responses to subsequent innate immunological stimulation were brought on by the food intervention. Even when the mice were shifted to a typical chow diet for an additional 4 weeks, this trained immune phenotype was maintained despite circulating cholesterol levels and systemic inflammatory indicators reverting to normal (Christ et al., 2018).
4 INHIBITORS OF TARGETING TRAINED IMMUNITY
Pharmacological inhibitors of histone methyltransferases and inhibitors of glycolysis, glutaminolysis, and the mevalonate pathway could restrain trained immunity. Following intraperitoneal injection of β-glucan, the effects of pharmacologically suppressing glutaminolysis and the pathway that produces mevalonate on the formation of trained immunity have been established in mouse models in vivo (Arts et al., 2016a). As a result, it would allow the development of innovative pharmaceutical methods to lower the risk of ASCVD and maybe lessen its negative consequences. In this section, we systematically summarize all reported drugs that suppress trained immunity based on multiple publications.
4.1 Agents that modulate metabolic reprogramming
4.1.1 Wortmannin
The fungus metabolite wortmannin was demonstrated to function as a selective inhibitor of AKT/phosphoinositide 3-kinase (PI3K) (Ui et al., 1995). The intermediate stimulation of the Akt/PI3K pathway is what causes mTOR to become active (Kelley et al., 1999). As stimulation with β-glucan caused a high phosphorylation of Akt, β-glucan was responsible for inducing this signal pathway in monocytes. Additionally, mTOR activation was inhibited as a result of Akt phosphorylation inhibition. Monocyte-trained immunity by β-glucan was suppressed by the Akt inhibitor wortmannin in a dose-dependent manner (Cheng et al., 2014).
4.1.2 Rapamycin
Accumulated mevalonate enhances the AKT-mTOR pathway during the establishment of trained immunity, which then triggers HIF1-α activation and a switch from OXPHOS to glycolysis. This response results in circulating monocytes with a trained immunity phenotype (Bekkering et al., 2018). The inhibition of mTOR with rapamycin prevents mevalonate-induced trained immunity. Additionally, BCG-induced trained immunity and β-glucan-induced trained immunity depend on the development of the histone marks H3K4me3 and H3K9me3, which are inhibited by the pharmacological regulation of rate-limiting glycolysis enzymes with rapamycin 30 88. Although rapamycins potently suppress trained immunity in vitro and T-cell proliferation in vivo, they exert little effect on innate immune cells (Braza et al., 2018).
4.1.3 AICAr
One of the most widely utilized pharmacological AMP-activated protein kinase (AMPK) activity modulators is the nucleoside 5-aminoimidazole-4-carboxamide (AICAr). Early research on AMPK’s function in the physiological control of metabolism and the etiology of cancer was mostly centered on the use of AICAr as an AMPK activator (Višnjić et al., 2021). AICAr produces dose-dependent inhibition of β-glucan-induced trained immunity by indirectly inhibiting mTOR (Cheng et al., 2014).
4.1.4 Metformin
Metformin is extensively used as a first-line therapy for type 2 diabetes and has a high safety profile (McCreight et al., 2016). Metformin acts through AMPK activation and subsequent mTOR inhibition. Metformin completely inhibits the protective effects of mice receiving metformin during and after primary infection with low-inoculum C. albicans, which increases survival during disseminated candidiasis brought on by a primary C. albicans injection. In vitro, metformin suppresses trained immunity induced by β-glucan (Cheng et al., 2014). Metformin also inhibits trained immunity by inhibiting the formation of histone marks, H3K4me3 and H3K9me3, by regulating the rate-limiting enzymes of glycolysis 30 88.
4.1.5 Ascorbate
Ascorbate (vitamin C) is an essential micronutrient in primates and serves as an antioxidant and a cofactor for various enzymatic activities represented by prolyl hydroxylases (Fujii et al., 2022). Because the induction of glycolysis by mTOR is mediated by the activation of HIF1-α and stimulation of glycolytic enzymes and ascorbate inhibits HIF-1α expression, it inhibits training immune in a dose-dependent manner (Cheng et al., 2014).
4.1.6 ZVAD-fmk
Western diet feeding of Ldlr−/− mice induces systemic inflammation, which induces long-lasting trained immunity in myeloid cells (Christ et al., 2018). NLRP3 is a key pathway mediating Western diet-induced trained immunity, and the use of small-molecule inhibitors that block NLRP3 signaling can mitigate its potentially deleterious effects in inflammatory diseases (Christ et al., 2018). ZVAD-fmk (benzyloxycarbonyl-Val-Ala-Asp-fluoromethylketone), a pan-caspase inhibitor, inhibits NLRP3 inflammasome activation in atherosclerotic mice, reducing the accumulation of serum IL-1β and plaque cholesterol crystals (Sheedy et al., 2013).
4.1.7 2-DG
A d-glucose mimic, 2-deoxy-d-glucose (2-DG), inhibits glycolysis by producing and accumulating intracellularly 2-deoxy-d-glucose-6-phosphate (2-DG6P), which then inhibits the activity of hexokinase and glucose-6-phosphate isomerase and results in cell death (Pajak et al., 2019). BCG immunization causes immunometabolic activation and epigenetic reprogramming, whereas 2-DG’s restriction of glycolysis during BCG-induced training cancels out the enhanced cytokine production (Arts et al., 2016b). In addition, the inhibitory effect of 2-DG on glycolysis also inhibits histone methylation and prevents mevalonate-induced trained immunity (Arts et al., 2016b).
4.1.8 3PO
3-(3-Pyridinyl)-1-(4-pyridinyl)-2-propen-1-one (3PO), a small-molecule inhibitor of PFKFB3, inhibits glycolytic flow and is cytostatic to malignant cells (Clem et al., 2008). In cells trained with oxLDL, PFKFB3, a critical rate-limiting enzyme in glycolysis, is increased. The in vitro training protocol’s dose-dependent attenuation of the oxLDL-augmented production of TNF-α and IL-6 upon subsequent stimulation with LPS was achieved by co-incubating 3PO with oxLDL for the first 24 h (Clem et al., 2008).
4.1.9 Fluvastatin
Fluvastatin, the first fully synthetic HMG-CoA reductase (HMGCR) inhibitor, is reported to prevent the growth and spread of certain malignancies (Cai and Zhao, 2021). Fluvastatin prevents trained immunity by downregulating H3K4me3 and blocking the production of proinflammatory cytokines (Arts et al., 2016a). Fluvastatin also prevents the enhanced foam cell production brought on by training with oxLDL and stops the epigenetic reprogramming of BCG, β-glucan, and oxLDL-induced trained immunity (Arts et al., 2016a). Additionally, following OxLDL-induced trained immunity, scavenger receptor CD36 and SR-A mRNA expression increase, whereas cholesterol efflux transporter ATP binding cassette transporter A1 (ABCA1) and ATP binding cassette transporter G1 (ABCG1) decrease. These effects may be reversed by adding fluvastatin (Bekkering et al., 2018).
4.1.10 Cerulenin
Cerulenin is a potent and specific inhibitor of type II FAS found in various bacteria and mammalian tissues (Tomoda et al., 1984). It is an antifungal antibiotic discovered in a culture filtrate of Cephalosporium caerulens (Porrini et al., 2014). Aldosterone levels above normal are linked to a higher risk of CVD in people and the induction of trained immunity in primary human monocytes (van der Heijden et al., 2019). Aldosterone’s trained immunity was reduced when cells were pre-incubated with the fatty acid synthesis inhibitor cerulenin for 1 h before re-stimulating with P3C (van der Heijden et al., 2019).
4.2 Agents that modulate epigenetic reprogramming
4.2.1 Ro5-3335
Extracellular glucose promotes macrophage-trained immunity and induces a pro-atherogenic phenotype through a glycolysis-dependent pathway. Runx1, which mediates trained immunity produced by hyperglycemia, is implicated by the pattern of open chromatin (Edgar et al., 2021). A benzodiazepine identified from the screen, Ro5-3335, has a direct interaction with Runx1 (Cunningham et al., 2012). In vitro hyperglycemia-induced trained immunity was reversed by pharmacological suppression of Runx1 with Ro5-3335 4.
4.2.2 MTA
The histone methyltransferase inhibitor 5′-deoxy-5′-methylthioadenosine (MTA) is a non-selective methyltransferase inhibitor. OxLDL causes monocytes to develop a proinflammatory phenotype that persists over time and speeds up AS. MTA completely reverses the methylation of histones, which is required for the change in chromatin architecture that results in increased gene transcription, and thus completely reverses the trained immunity phenotype induced by oxLDL (Bekkering et al., 2014).
4.2.3 Resveratrol
Sirtuin 1 is a nicotinamide adenine dinucleotide (NAD+)-dependent protein deacetylase and master metabolic regulator (Deng et al., 2019). Phytochemical resveratrol, which is abundant in the skin of red grapes and wine, has been studied extensively for its ability to stimulate Sirtuin 1 activity (Lee et al., 2019). Given that histone acetylation is necessary for β-glucan-induced trained immunity, trained immunity in the presence of the histone deacetylase activator resveratrol prevented trained SHIP-1-deficient macrophages from producing more TNF-α (Saz-Leal et al., 2018).
4.2.4 EGCG
The compound epigallocatechin-3-gallate (EGCG) has been discovered to be a new histone acetyltransferase inhibitor (HATi) with broad specificity for the majority of HAT enzymes (Choi et al., 2009). EGCG can also inhibit trained immunity that relies on β-glucan-induced epigenetic reprogramming (Ifrim et al., 2014).
5 ANTIATHEROSCLEROTIC HERBAL MEDICINE POTENTIALLY TARGETING TRAINED IMMUNITY
The notion that trained monocytes/macrophages exhibit a broad range of pro-atherogenic phenotypes, including increased production of cytokines/chemokines and foam cells, has recently been extensively supported experimentally (Leentjens et al., 2018). Trained immunity occurs not only in circulating monocytes but also in myeloid progenitors, ensuring a long-term state of hyperactivation of innate immune cells. Trained immunity is mediated by metabolic and epigenetic reprogramming at the level of histone methylation. Theoretically, these processes are amenable to pharmacological intervention. In the past few decades, more studies have shown that various naturally occurring anti-atherogenic natural products, such as flavonoids, phenols, terpenoids, carotenoids, phenylpropanoids, and alkaloids, may be involved in the regulation of pharmacological targets of trained immunity (Supplementary Table S2). We systematically summarize all relevant literature to investigate all potential natural products against trained immunity in ASCVD.
5.1 Flavonoids
Flavonoids are a group of secondary plant metabolites often employed by vegetables for growth and microbial defense (Izzo et al., 2020). Flavonoids can be further classified as flavones, flavonols, flavanones, isoflavonoids, anthocyanins, flavanols, or catechins based on structural distinctions (Kumar and Pandey, 2013). Due to their antioxidant, anti-inflammatory, anti-mutagenic, anti-aging, cardioprotective, antiviral/bacterial, and anticarcinogenic qualities and their ability to influence enzyme performance, they are linked to a variety of positive health impacts. Flavonoids are thought to mediate epigenetic changes, including DNA methylation, histone modifications, and non-coding RNAs (Fatima et al., 2021). We examine some significant natural products that may target monocyte/macrophage and trained immunity in AS in this section.
5.1.1 Alpinetin
Alpinetin (7-hydroxy-5-methoxyflavanone), a flavonoid, is the main active component of Alpinia katsumadai Hayata, a traditional medicinal plant. It engages in various biological processes that affect the NF-κB, MAPK, and PI3K signaling pathways, such as antibacterial, anti-ROS, anticancer, and anti-inflammatory actions (Huo et al., 2012; Wu et al., 2020a; Zhang et al., 2020). The inhibition of the NLRP3 inflammasome may be one way of suppressing trained immunity (Christ et al., 2018). Mechanistically, alpinetin inhibits NLRP3-mediated anti-inflammatory activity and reduces mitochondrial ROS production and HIF-1α transcription, thereby inhibiting HIF-1α signaling (Zhang et al., 2020; Zhu et al., 2021). The expression of the toll-like receptor 4 (TLR4) stimulated by LPS may be dramatically downregulated by alpinetin; alpinetin was reported to have had an anti-inflammatory impact by preventing the production of TNF-α, IL-6, and IL-1β in LPS-stimulated human macrophages (Hu et al., 2013).
5.1.2 Anthocyanins
Anthocyanins are water-soluble glycosides of polyhydroxyl and polymethoxyl derivatives of 2-phenylbenzopyrylium or flavylium salts and are partially responsible for the pigmentation of berries (Azzini et al., 2017). The major anthocyanins in plant foods are glycoside forms of anthocyanidins, including pelargonidin, cyanidin, delphinidin, peonidin, petunidin, and malvidin (Khoo et al., 2017). The bioavailability of anthocyanins is higher than previously thought because the parent compounds are immediately absorbed and converted to bioactive metabolites that remain in circulation (Scalbert et al., 2005; Czank et al., 2013). Anthocyanins increase total antioxidant capacity, antioxidant defense enzymes, and high-density lipoprotein (HDL) antioxidant properties in preclinical and clinical populations through multiple measures, thereby reducing CVD risk factors and mortality in patients with coronary heart disease (Garcia and Blesso, 2021). An essential mediator of trained immunity, the NLRP3-caspase-1 inflammasome, is directly activated upstream by ROS, which is an important mediator of trained immunity (Sun et al., 2020). Preclinical research suggests that anthocyanidins regulate cellular cholesterol efflux from macrophages, hepatic paraoxonase 1 expression, and activity to affect reverse cholesterol transport (RCT) and HDL function beyond simple HDL cholesterol content (Millar et al., 2017). In human populations (such as those who are hyperlipidemic, hypertensive, or diabetic), dietary anthocyanin intake is linked to positive changes in serum biomarkers related to HDL function. These changes include an increase in HDL cholesterol concentration and HDL antioxidant and cholesterol efflux capacities (Millar et al., 2017).
The powdered wild blueberry (Vaccinium angustifolium) component high in anthocyanins also reduced lipid buildup in macrophages generated from THP-1 (Del Bo et al., 2016). In accordance with additional studies, the black rice anthocyanin-rich extract blocked the generation of oxLDL and decreased total cholesterol (TC) and LDL-cholesterol (LDL-C) while boosting the amount of HDL-cholesterol (HDL-C) in serum from rats and ApoE−/− mice. In order to lower the risk of an embolism, it also decreased the area of atherosclerotic plaque and improved the stability of the plaque (Xia et al., 2006). In hypercholesterolemic rabbits, fatty streak development and lipid metabolism were slightly influenced by pomegranate peel extract containing anthocyanins (Sharifiyan et al., 2016). This evidence suggests that the potential of anthocyanins to regulate inflammation, lipid buildup, and macrophage may play a role in how an anthocyanin-rich diet lowers the risk of developing CVD.
5.1.2.1 Cyanidin-3-O-β-glucoside
Cyanidin-3-O-glucoside (C3G) is the anthocyanin with the greatest abundance. C3G is abundantly found in fresh fruits, including grapes, berries, blood oranges, peaches, and apples, and in beverages and colored cereals, such as purple rice and maize (Fang, 2015). One investigation found that methylated proteins, particularly H3K4, lose mono- or dimethyl groups when exposed to C3G or its metabolites, which block the enzyme lysine-specific demethylase 1, which controls histone methylation (Abdulla et al., 2013), thereby directly affecting histone-modifying enzymes (Persico et al., 2021). The results reported here show how dietary C3G intake may effectively control H3K4me3 in the mouse liver, especially in promoter areas (Persico et al., 2021). Recent research in a rat model of high-fat diet (HFD)-induced AS examined the antiatherosclerotic potential of C3G. The findings demonstrated that adding 150 mg/kg of C3G to the diet significantly reduced body weight, visceral adiposity, TG, TC, free fatty acids, and AS index (Um et al., 2013). C3G protected ApoE−/− mice against endothelial dysfunction and AS brought on by hypercholesterolemia by preventing the buildup of cholesterol and 7-oxysterol in the aorta (Wang et al., 2012).
5.1.3 Baicalin
Baicalin is a flavonoid active ingredient extracted from the roots of Scutellaria baicalensis Georgi, a plant used for many years in Chinese traditional medicine to treat various inflammatory illnesses (Liu and Liu, 2017; Riham et al., 2019). One study showed that baicalin could control metabolic diseases in vivo. The therapy with baicalin in HFD rats markedly improved fasting blood glucose levels (Guo et al., 2009). Furthermore, baicalin is reported to inactivate succinate dehydrogenase (SDH) to inhibit ROS production and protect glutamine synthetase (GS) protein stability from oxidative stress to improve glutamate handling and reduce excitotoxicity (Song et al., 2020a).
5.1.4 Chrysin
Chrysin (5,7-dihydroxyflavone) is a flavonoid that naturally occurs in food and is frequently found in honey and propolis, among other plant extracts (Song et al., 2020b). Chrysin possesses various biological qualities, including anti-inflammatory, anti-bacterial, antidiabetic, anticancer, antioxidant, and anti-allergenic actions (Kasala et al., 2015; Mani and Natesan, 2018). One study showed that chrysin has a good expansion effect on human HSCs due to its antioxidant properties by delaying HSC differentiation, inhibiting ROS-activated apoptosis, and regulating cyclin-dependent kinase inhibitors, which can maintain the self-renewal and multilineage differentiation potential of human HSCs (Litviňuková et al., 2020). Chrysin is an emerging histone deacetylase inhibitor for epigenetic regulation in cancer studies (Ganai et al., 2021).
Chrysin may reduce inflammation by modulating M1/M2 status. It promotes the anti-inflammatory M2 phenotype and suppresses the M1 phenotype in peritoneal and cultured macrophages in vitro by activating PPAR-γ (Feng et al., 2014). One study showed that chrysin inhibited NLRP3 inflammasome activation and increased IL-1β levels to reduce synovitis (Liao et al., 2020). Another study showed that chrysin inhibits ROS-mediated Akt/mTOR signaling in cells and induces autophagy (He et al., 2021). The study showed that the overexpression of PPARγ, liver X receptor (LXR)α, ABCA1, and ABCG1 expression led to a considerable increase in HDL-mediated RAW264.7 macrophage cholesterol efflux following chrysin treatment (Lin et al., 2015b).
5.1.5 Daidzein
Daidzein, a substance mostly present in soy foods and plants such as red clover, is one of the most studied and potent phytoestrogens (Yang et al., 2012). Studies in non-human primates have shown that dietary intake of soy protein can interfere with related epigenetic changes that may influence the etiology of complex diseases (Howard et al., 2011). By stimulating the PPARγ-LXRα-ABCA1 pathway, daidzein protected low-density lipoprotein (LDL) from oxidation and increased paraoxonase-1 (PON-1) activity in Huh7 cells, which may control cholesterol efflux (Schrader et al., 2012; Ikhlef et al., 2016). Furthermore, daidzein therapy decreased blood cholesterol and increased TG levels in middle-aged male rats given HFD designed to induce AS (Sosić-Jurjević et al., 2007). These suggest that daidzein has antiatherosclerotic potential.
5.1.6 Ellagic acid
Ellagic acid (EA) is a dilactone of hexahydroxydiphenic acid that may be found in various nuts, fruits, and vegetables, such as pomegranates, walnuts, black raspberries, raspberries, almonds, and strawberries (Galano et al., 2014). According to in vitro, in vivo, and clinical investigations, it has a wide range of physiological actions, including anti-inflammatory, antioxidant, antibacterial, anticarcinogenic, antiplasmodial, antiviral, hepatoprotective, antifibrotic, immunomodulatory, and neuroprotective activities (Gupta et al., 2021). A study showed that EA promotes hematopoietic progenitor cell proliferation and megakaryocyte differentiation (Gao et al., 2014). Other studies have shown that EA interrupts the sequential histone remodeling steps of adipocyte differentiation by reducing the coactivator-associated arginine methyltransferase 1 (CARM1) activity, including histone acetylation and dissociation of HDAC9 from chromatin (Kang et al., 2014). Pomegranate peel polyphenols, in particular pomegranate ellagic acid (PEA), also boosted ApoA1-mediated macrophage cholesterol efflux by upregulating ABCA1 and LXRα and inhibited macrophage lipid buildup by lowering the expression of CD36 (Zhao et al., 2016).
5.1.7 EGCG
EGCG, a typical polyphenol flavonoid molecule with eight free hydroxyl groups, is the most common (Chakrawarti et al., 2016). Research has revealed that EGCG has antibacterial, antiviral, antioxidant, anti-arteriosclerosis, anti-thrombosis, anti-vascular proliferation, anti-inflammatory, and anti-tumor activities (Liu and Yan, 2019). As a histone acetyltransferase inhibitor, EGCG can significantly inhibit the training of monocytes (Ifrim et al., 2014). In different research, EGCG-loaded nanoparticles targeted macrophages via their CD36 receptor, reduced the release of inflammatory factors by mouse peritoneal macrophages, and reduced the lesion surface area of arterial plaques in LDLr−/− mice (Zhang et al., 2019). EGCG also inhibited the oxLDL-induced overexpression of SR-A in the same cell line, reducing oxLDL absorption and the formation of foam cells (Chen et al., 2017). EGCG regulated macrophage polarization toward the M2 state. EGCG decreased the expression of proinflammatory M1 mediators, iNOS, TNF-α, IL-1β, and IL-6, in the LPS-administered lung microenvironment and increased the expression of KLF4, Arg1, and ym1, which enhanced the M2 phenotype of macrophages (Almatroodi et al., 2020).
5.1.8 Hesperidin
Hesperidin (3′,5,7,-trihydroxy-4′-methoxyflavanone), a flavanone family of flavonoids, is a derivative of hesperetin, which is present in citrus fruits, such as oranges and grapefruit (Muhammad et al., 2019). Hesperidin has several pharmacological effects, with the main ones being the stimulation of antioxidation, the inhibition of the generation of proinflammatory cytokines, and the inhibition of the proliferation of cancer cells (Li and Schluesener, 2017). A study using metabolic tracing studies showed that TLR signaling in mouse and human macrophages redirects metabolic flux to increase acetyl-CoA for glucose production, thereby enhancing histone acetylation (Christ and Latz, 2019). According to a preclinical study, hesperetin provided neuroprotection by controlling the TLR4/NF-κB signaling pathway in response to the harmful effects of LPS (Muhammad et al., 2019). Hesperetin decreased the generation of foam cells produced from THP-1 by promoting ABCA1 expression by boosting the activities of the ABCA1 promoter and LXR enhancer, upregulating the ApoA1-mediated cholesterol efflux (Iio et al., 2012).
5.1.9 Icariin
Icariin, one of the primary ingredients in epimedium, is an 8-isopentane flavonoside that has several pharmacological benefits, including enhancement of cardiovascular function, promotion of hematological function, prevention of neuronal damage, and anti-osteoporosis properties (El-Shitany and Eid, 2019). Icariin decreased RAW264.7 macrophage infiltration at atherosclerotic lesions by reducing the CX3CR1–CX3CL1 interaction, which is directly related to monocyte adhesion and migration (Wang et al., 2016a).
5.1.10 Pratensein
Pratensein is a compound extracted from Radix Polygala roots. It has anti-inflammatory, anti-apoptotic, and antioxidant effects (Liu et al., 2016b). Pratensein increases the expression of the ABCA1 protein and HDL levels in HepG2 cells (Gao et al., 2008). AS is brought on by passive LDL transport across damaged endothelial cells. Recent research has revealed a novel therapeutic target in the fight against AS: scavenger receptor class B type I (SR-BI)-mediated endothelial LDL transcytosis. This process increases LDL entry into the arterial wall and the development of AS (Huang et al., 2019). Further investigation found that pratensein increased the expression of CLA-1, a human homolog of SR-BI, indicating that it may have some bearing on the in vitro process of cholesterol efflux (Yang et al., 2009).
5.1.11 Puerarin
Puerarin, an isoflavone component extracted from the herb Radix Puerariae, is often employed in China to treat inflammatory and immunological disorders (Yang et al., 2021). Its powerful pharmacological effects are a result of the compounds’ many bioactivities. Puerarin’s anti-inflammatory processes, which include the control of important signals, including TLR, Nrf2, HDAC, and PPARα, and the enhancement of organelle function (Ni et al., 2020; Niu et al., 2020; Chen et al., 2021), have been thoroughly investigated in recent years (Chang et al., 2021). An earlier study investigated the epigenetic mechanism through which puerarin suppresses MCP-1 production using high-glucose circumstances. It was shown that puerarin dramatically reduced high glucose’s ability to upregulate H3K4 di- and tri-methylation (H3K4me2/3) on the MCP-1 gene promoter, suggesting that it may be useful in treating diabetes-related vascular damage (Han et al., 2015). Puerarin promoted ABCA1-mediated cholesterol efflux via pathways involving miRNA-7, serine/threonine kinase 11 (STK11), and the AMPK-PPARγ-LXRα-ABCA1 cascade, therefore reducing cellular lipid buildup in THP-1 macrophages (Li et al., 2017a).
5.1.12 Quercetin
Quercetin (3,3′,4′,5,7-pentahydroxyflavone) is one of the most prevalent plant flavonoids and a key dietary antioxidant in the human diet (Boots et al., 2008). It can be found in various traditional Chinese herbal medicines, tea, fruit, and other vegetables and has also been proven effective in clinical studies (Ferry et al., 1996). The antioxidant, anti-inflammatory, antiviral, anticancer, and antifibrotic effects of quercetin should be preserved (Russo et al., 2012). Moreover, quercetin stimulates autophagy in the hematopoietic stem/progenitor cell compartment of myelodysplastic bone marrow (Daw and Law, 2021). Qu also promotes apoptosis through DNA demethylation activity, HDAC inhibition, and enrichment of H3ac and H4ac in the promoter regions of genes that enhance apoptotic pathways (Alvarez et al., 2018).
In vitro studies have shown that quercetin can inhibit two stages of macrophage differentiation and polarization: macrophage infiltration (from monocytes to macrophages) and macrophage subtype conversion (from M2 to M1 subtypes). Quercetin downregulated the expression of M1 macrophage markers and proinflammatory cytokines and upregulated the expression of M2 macrophage markers and anti-inflammatory cytokines in BMDM under both basal and LPS-stimulated conditions (Dong et al., 2014b). Jia et al. (2019) demonstrated that in apoE−/− mice fed with HFD, quercetin protects against AS by regulating the expression of proprotein convertase subtilisin/kexin type 9 (PCSK9), CD36, PPARγ, LXRα, and ABCA1. In THP-1-derived foam cells, quercetin increased ApoA1-mediated cholesterol efflux and promoted ABCA1 and PPARγ expression by activating PPARγ signaling (Sun et al., 2015). Quercetin has also been linked to reduced AS in ApoE−/− mice by enhancing RCT, which depends on ABCA1 and ABCG1 (Cui et al., 2017).
5.1.13 Silymarin
Silymarin is extracted from the seeds of Silybum marianum L. Gaertn. (also known as milk thistle). Silymarin is a blend of flavonoids, primarily silybin, silydianin, silychristin, and other active components (Rašković et al., 2011). In addition to protecting the liver and lowering enzymes and lipids, this combination has antioxidant, anti-inflammatory, and anticancer properties (Zhao et al., 2021). Studies have shown that silibinin may interfere with epigenetic cellular mechanisms, including increasing the total DNMT activity, while reducing histone deacetylase (HDAC) expression levels (Anestopoulos et al., 2016). The silymarin compounds, isosilybin A, isosilybin B, silychristin, and isosilychristin, increased ABCA1 protein expression in THP-1 cells. Due to its PPARγ activating qualities, isosilybin A, in particular, enhanced cholesterol efflux from THP-1 macrophages (Wang et al., 2015b).
5.2 Phenols
Phenolic chemicals are found all over the plant world and have more than 8,000 distinct known structures. Phenols can be classified as monophenols, binary phenols, or polyphenols, depending on the number of phenolic hydroxyl groups in the chemical structure (Xiao et al., 2012). Through various mechanisms, phenolic compounds have various pharmacological and biological actions. These activities include the control of various cell signaling pathways, gene expression, and antioxidation.
5.2.1 Curcumin
Curcumin ((1E, 6E)-1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-heptadiene-3,5-dione) is a polyphenolic derivative produced from turmeric (Curcuma longa) (Wu et al., 2020b). Curcumin can control inflammation in in vitro and in vivo studies. This property makes curcumin an effective treatment for various inflammatory disorders, including obesity, diabetes, CVD, bronchial asthma, and rheumatoid arthritis (Chen et al., 2019a). Studies have demonstrated a direct inhibitory effect of curcumin on NLRP3 inflammasome activation in macrophages, which can prevent HFD-induced insulin resistance and inhibit LPS-priming and NLRP3 inflammasome activation pathways in macrophages (Yin et al., 2018). Curcumin may also act as an epigenetic regulator, including the inhibition of DNMTs, regulation of histone modifications via the regulation of histone acetyltransferases (HATs) and HDACs, regulation of miRNA, action as a DNA-binding agent, and interaction with transcription factors (Hassan et al., 2019). Additionally, c-Jun N-terminal kinases (JNK), histone methyltransferase p300, and transcriptional factor activating protein-1 (AP-1) were all inhibited by curcumin (Huwait et al., 2011).
In terms of regulating M1/M2 macrophages, curcumin can enhance the secretion of M2 macrophage markers, such as macrophage mannose receptor (MMR), Arg-1, PPAR-γ, IL-4, and/or IL-13. These effects have been observed in experimental autoimmune myocarditis (EAM) models and hyaline membrane disease, where curcumin polarizes M0 and M1 macrophages to an M2 phenotype (Saqib et al., 2018). A previous study indicated that without having a sizable impact on other cholesterol transporters, curcumin dramatically reduced the oxLDL-induced lipid buildup in J774.A1 macrophages by reducing the SR-A-dependent oxLDL uptake and enhancing the ABCA1-dependent cholesterol efflux (Zhao et al., 2012). The evidence suggests that curcumin inhibits the production of SR-A through a ubiquitin/proteasome mechanism. Additionally, through LXRα-dependent transcriptional regulation, curcumin increased ABCA1 expression (Zhao et al., 2012).
5.2.2 Paeonol
Paeonol is an active component of the Chinese herbal remedy Moutan Cortex (Pae, 2-hydroxy-4-methoxyacetophenone), which is obtained from the root bark (Chen et al., 2019b). Pae has several physiologic benefits, including anti-inflammatory and antioxidant properties (Mei et al., 2019). LncRNAs are RNA molecules longer than 200 nucleotides interacting with target genes at the transcriptional level. They function as competing endogenous RNA (ceRNA) sponges to control mRNA expression and promote cisplatin-induced nephrotoxicity by regulating AKT/TSC/mTOR-mediated autophagy (Jing et al., 2021). Pae can inhibit the expression of lnc-MEG3 to alleviate renal injury in mice (Jing et al., 2021).
In ApoE−/− mice, Pae therapy decreased the development of atherosclerotic lesions, slowed systemic inflammation, and enhanced ABCA1 expression (Zhao et al., 2013b).
5.2.3 Polydatin
The main active ingredient of Polygonum cuspidatum Sieb. et Zucc. (Polygonaceae), a plant widely used in traditional medicine worldwide, particularly in China and Japan, is polydatin (Du et al., 2013). Polydatin clearly possesses hypoglycemic, antiatherosclerotic, hypolipidemic, hypouricemic, and anti-inflammatory effects, according to the findings of the literature review (Luo et al., 2022). In oxLDL-stimulated ApoE−/− mouse macrophages, a 48 h polydatin therapy decreased TC, FC, and CE levels and TNF-α and IL-1β production. The mechanism generating these effects is linked to the stimulation of PPARγ-dependent ABCA1 overexpression and the decrease in CD36 expression (Wu et al., 2015a).
5.2.4 Protocatechuic acid
In vegetables, fruits, and rice, protocatechuic acid (PCA, 3,4-dihydroxybenzoic acid) has been demonstrated to enhance vasodilation in apolipoprotein E-deficient rats with AS via the eNOS-mediated endothelium-dependent pathway (Bai et al., 2021). PCA may also control lipid metabolism by inhibiting the expression of HMG-CoA reductase (Liu et al., 2010). PCA also prevent ED intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1)-dependent monocyte adherence to activated HUVECs as well as CCL2-mediated monocyte transmigration, inhibiting the effects of cholesterol metabolism in addition to decreasing the progression of AS in ApoE−/− mice (Wang et al., 2010b; Stumpf et al., 2013).
5.2.5 Resveratrol
Resveratrol (RV), the most studied stilbene structure, is present in typical food sources such as grapes, berries, peanuts, and red wine, and, in some herbs, it is regarded as a strong antioxidant, among other properties (Sarubbo et al., 2017). In fact, research has identified several RV advantageous properties, making it possible for it to play crucial roles in the treatment of diseases including cancer, CVD, and AD, as well as other degenerative brain illnesses (Choi et al., 2012). Recent evidence suggests that the beneficial effects of RV may be related to altered epigenetic mechanisms. After being taken orally, RV can cause several chemical modifications, including oxidation, dehydroxylation, and demethylation, which can either directly inhibit the activity of epigenetic enzymes such as DNMTs, HDACs, or HATs or change the amount of substrate that is available for those enzymatic reactions (Griñán-Ferré et al., 2021). Since β-glucan-induced trained immunity depends on histone acetylation, under the action of the histone deacetylase activator RV (a sirtuin 1 activator), trained immunity is significantly inhibited and partially suppressed enhancement of IL-6 production (Cheng et al., 2014).
Regarding the effect on macrophages, RV can reverse the oxysterol-induced M2/M1 phenotypic switch (Buttari et al., 2014). RV regulates microglial M1/M2 polarization through PGC-1α under neuroinflammatory injury. Similar studies have shown that malibatol A (MA), an oligomer of RV, inhibits the expression of proinflammatory cytokines and M1 markers (CD16, CD32, and CD86) while increasing M2 in LPS-stimulated microglia markers (CD206 and YM-1) (Pan et al., 2015). RV has the atherosclerotic protective mechanism by regulating monocyte/macrophage differentiation, among other mechanisms, including inhibition of LDL oxidation, enhanced endothelial protection, reduction of trimethylamine N-oxide (TMAO) by gut flora, and inhibition of vascular smooth muscle cell (VSMC) proliferation and migration (Vasamsetti et al., 2016). RV suppressed LPS-induced RAW264.7 foam cell development by lowering ROS production and MCP1 expression through the Akt/Foxo3a and AMPK/Sirt1 pathways, which rely on NADPH oxidase 1 (Nox1) (Park et al., 2009; Dong et al., 2014a). According to clinical research, RV decreases the amount of TC and TG in individuals with dyslipidemia (Simental-Mendía and Guerrero-Romero, 2019).
5.2.6 Salicylic acid
Radix Salvia miltiorrhiza (Danshen), which produces salvianolic acid B (SalB), has several medicinal actions, including antioxidant, anticancer, anti-inflammatory, and antiatherosclerotic qualities (Tang et al., 2022). Research showed that SalB induced the production of ABCA1 in differentiated THP-1 macrophages, which helped the HDL and ApoA-1-mediated cholesterol export. Additional mechanism experiments revealed that PPARγ and LXRα inhibitors might decrease the overexpression of ABCA1 triggered by SalB, which suggested that SalB promoted cholesterol efflux through a PPARγ/LXRα/ABCA1-dependent mechanism in THP-1 macrophages to minimize lipid buildup (Yue et al., 2015). Salvianolic acid B was discovered using a high-throughput screening experiment to be a powerful CD36 antagonist that prevents oxLDL absorption in RAW264.7 macrophages (Wang et al., 2010c).
5.3 Terpenoids
Terpenoids, also known as isoprenoids, are isoprene-based natural compounds having critical functions in every organism’s metabolism (Bergman et al., 2019). The terpenoid family of natural compounds, which includes several plant terpenoids, has been a valuable source of medicinal discoveries.
5.3.1 Betulinic acid
Betulinic acid (BA), a natural pentacyclic triterpenoid, is an active compound in the bark of the birch tree Betula spp. (Betulaceae). BA has many biological effects, including anti-inflammatory, antiviral, antioxidant, and anticancer properties (Appiah et al., 2018). Research found that betulinic acid reduced atherosclerotic lesions, TG, TC, and LDL-C levels in ApoE−/− mice by blocking the NF-κB signaling pathway and miR-33 expression (Zhao et al., 2013c). In RAW264.7 and THP-1 cells, betulin (a derivative of betulinic acid) consistently improved ABCA1/ABCG1-mediated cholesterol efflux by preventing the synthesis of SREBPs, which bound to E-box motifs in the ABCA1 promoter (Gui et al., 2016).
5.3.2 Ginsenosides
The main active compounds in ginseng are called ginsenosides, which are triterpene glycosides of the dammarane type (Nah et al., 2007). Ginsenosides are expressed by the formula Rx, where x represents the separation from the thin-layer chromatography origin (Kim et al., 2017). The segments are labeled A for the most polar and H for the least polar (Kim et al., 2017). Protopanaxadiols, protopanaxatriols, and oleanane are the three main families of ginsenosides (ginsenoside Ro). Ginsenosides Rb1, Rb2, Rb3, Rc, Rd, Rg3, and Rh3 are examples of protopanaxadiols, which include sugar moieties on the C-3 position of dammarane-type triterpenes. Ginsenosides Re, Rf, Rg1, Rg2, and Rh1 are examples of the sugar moieties on the C-6 position dammarane-type triterpenes that make up protopanaxatriol (Lü et al., 2009; Kim et al., 2018). Ginseng is a well-liked supplement due to its wide range of pharmacological and therapeutic effects on aging, cancer, the cardiovascular system, diabetes, immune-regulatory function, and inflammation (Im, 2020). Ginsenoside Rg1 exerts positive effects on mesenchymal stem cells (MSCs). Ginsenoside Rg1 can influence HSC proliferation and migration, control HSCs/hematopoietic progenitor cell (HPC) differentiation, and slow down HSC aging. These findings may offer new approaches for increasing the homing rate of HSCs during HSC transplantation and for the treatment of graft-versus-host disease (GVHD) and other diseases caused by HSCs/HPC dysplasia (He and Yao, 2021).
Regarding the effect on macrophage polarization, ginsenoside Rg3 showed a positive effect on M2 polarization. After treatment with LPS, isolated mouse peritoneal macrophages significantly expressed several M1 marker genes, such as COX-2 (cyclooxygenase), iNOS, IL-1β, and TNFα. Pretreatment with Rg3 successfully restored a representative M2 marker (arginase-1), which was reduced after treatment with LPS (Koh et al., 2018). Ginsenoside Rg3 significantly reduced ox-LDL-induced atherosclerotic pathological changes in ApoE−/− mice fed with HFD, upregulated PPARγ, and inhibited the activation of focal adhesion kinase (FAK) in the aorta, thus inhibiting the expression of VCAM-1 and ICAM-1 in the intima (Geng et al., 2020). Another crucial component of ginseng is ginsenoside Rd. Data from a RAW264.7 cell model showed that Rd inhibited the expression of the SR-A protein, followed by a decrease in the uptake of oxLDL and in the amount of cholesterol inside the cell (Li et al., 2011). An in vivo investigation revealed that Rd administration decreased the atherosclerotic plaque areas and oxLDL absorption in ApoE−/− mice.
5.3.3 Tanshinone IIA
Extracted from Salvia miltiorrhiza Bunge, tanshinone IIA (Tan IIA) is a significant lipophilic diterpene (Ono, 2018). Tan IIA can prevent or decrease the advancement of several illnesses, including cardiovascular diseases, cancers, cerebrovascular diseases, and Alzheimer’s disease, according to several experimental and clinical studies (Ding et al., 2020). One study demonstrated that TIIA treatment attenuated high glucose-induced kidney damage by modulating the DNA methylation of related genes Nmu, Fgl2, Glo, and Kcnip2 (Li et al., 2019). Tanshinone IIA consistently boosted ERK/Nrf2/HO-1 loop-mediated ABCA1- and ABCG1-mediated cholesterol efflux and decreased SR-A-mediated oxLDL absorption by inhibiting AP-1, which reduced cholesterol buildup in cells (Liu et al., 2014a). Another investigation using peritoneal macrophages from rats and macrophages generated from THP-1 revealed that tanshinone IIA treatment greatly raised ABCA1 mRNA and protein expression while considerably reducing CD36, suggesting simultaneous effects on cholesterol intake and efflux (Jia et al., 2016). In addition, a clinical trial has demonstrated that tanshinone IIA lowers hs-CRP in CAD patients (Li et al., 2017c).
5.3.4 Ursolic acid
Ursolic acid (3B-hydroxy-12-urc-12-en-28-oic acid) is a pentacyclic triterpenoid produced from plants that have antioxidant, anti-inflammatory, and neuroprotective properties (Rong et al., 2022). A study on skin cancer reported that ursolic acid therapy reduces hypermethylated CpG islands of the Nrf2 gene promoter region in mouse epidermal cells, restoring Nrf2 expression, accomplished by lowering the production of epigenetic-modifying enzymes such as DNA methyltransferases (Kim et al., 2016). A recent study found that ursolic acid improved the transport of cholesterol from LDL-loaded macrophages to ApoA-1 through autophagy without changing the levels of ABCA1 and ABCG1 mRNA or protein in MPMs (Leng et al., 2016). In vivo, UA therapy dramatically decreased the size of the atherosclerotic lesion and increased macrophage autophagy in LDLR−/− mice (Leng et al., 2016).
5.3.5 Zerumbone
A naturally occurring substance called zerumbone is derived from pinecone or shampoo ginger, Zingiber zerumbet L. Smith, and contains several pharmacological properties, including antiulcer, antioxidant, anticancer, and antibacterial (Rosa et al., 2019). Earlier research found that zerumbone significantly reduced the inflammatory response caused by LPS in in vitro and ex vivo trials using the macrophages employed in this investigation by inhibiting the activation of the ERK-MAPK and NF-κB signaling pathways and the NLRP3 inflammasome (Su et al., 2021). Studies in a rabbit model fed cholesterol show that zerumbone can stop the development of atherosclerotic lesions (Hemn et al., 2015). Zerumbone reduced the expression of SR-A and CD36 mRNA in vitro studies by controlling AP-1 and NF-κB suppression, which blocked the absorption of acLDL by THP-1 macrophages (Eguchi et al., 2007). Additionally, zerumbone treatment of THP-1 macrophages resulted in a considerable decrease in cholesterol levels through increasing the mRNA and protein levels of ABCA1, but not ABCG1, and ERK1/2 phosphorylation (Zhu and Liu, 2015).
5.4 Carotenoids
Carotenoids represent a class of pigmented terpenoids. The human diet contains around 50 of more than 700 carotenoids identified in nature, with about half present in human blood and tissues (Krinsky and Johnson, 2005). Lycopene, lutein, zeaxanthin, β-cryptoxanthin, α-carotene, and β-carotene are the main carotenoids in human serum (Krinsky and Johnson, 2005). According to epidemiologic research, it may be linked to better cognitive and visual abilities and a lower chance of developing chronic conditions, including cancer, CVD, and age-related macular degeneration (AMD) (Moran et al., 2018).
5.4.1 Astaxanthin
A natural xanthophyll carotenoid called astaxanthin (3,3′-dihydroxy-β,β′-carotene-4,4′-dione) is present in various marine species, such as Haematococcus pluvialis, Chlorella zofingiensis, Chlorococcum, and Phaffia rhodozyma (Hussein et al., 2006). It has been suggested that it has anti-inflammatory, antioxidant, and neuroprotective properties, and research from different experimental models has demonstrated that these properties are linked to a decreased expression of proinflammatory cytokines and a decreased production of ROS and free radicals (Kim et al., 2020). Xue et al. (2017) reported that astaxanthin prevents oxidative stress and apoptosis, which reduces the hematopoietic damage caused by whole-body radiation in mice. Yang et al. (2017) stated that astaxanthin could demethylate certain promoters of particular genes, which may help increase the stability of the total chromatin structure. Only at high dosages does astaxanthin enhance the expression of ABCA1/G1 (up to 2.0- and 3.2-fold at the protein level), which promotes ApoA-1/HDL-mediated cholesterol efflux (Iizuka et al., 2012).
5.4.2 β-Carotene
β-Carotene (BC), a precursor to vitamin A, is present in a greater variety of fruits and vegetables. It is frequently used in foods as an antioxidant and natural colorant (Zhao et al., 2020). Lower overall, CVD, heart disease, stroke, cancer, and other causes of death are linked to a higher β-carotene biochemical state (Huang et al., 2018). Kim et al. (2019) suggested that BC can regulate epigenetic modifications for its anticancer effects in colon cancer stem cells. Furthermore, endogenous β-carotene 15,15′-monooxygenase 1 may convert 9-cis-c into 9-cis retinoic acid or other retinoids, activate the retinoid X receptor (RXR), and stop foam cell formation and the development of AS (Zolberg Relevy et al., 2015).
5.4.3 Lycopene
Lycopene, a member of the carotenoid family, is mostly found in foods such as tomatoes (particularly the red kind), watermelons, and red pomelo (Zhan et al., 2021). Lycopene is widely recognized for its anti-inflammatory and antioxidant properties and ability to affect important bodily metabolic processes (Han et al., 2016). Napolitano et al. (2007) demonstrated that lycopene reduced cholesterol buildup by upregulating IL-10 secretion in human peripheral blood monocyte-derived macrophages (HMDMs) and THP-1 macrophages and downregulating SR-A mRNA expression and lipid synthesis. Furthermore, HMG-CoA reductase inhibition, RhoA inactivation, an increase in PPARγ and LXRα activation, and ultimately an improvement in ABCA1 and caveolin 1 expression may all contribute to the potential cascade impact of lycopene in lowering foam cell formation (Palozza et al., 2011).
5.4.4 Retinoids
Retinol, generally known as vitamin A1, and its natural derivatives, 9-cis retinoic acid (9-cis-RA) and all-trans retinoic acid (ATRA), are thought to be prospective therapeutic agents for the prevention of AS development because they can promote macrophage cholesterol efflux. Retinoids reportedly cause epigenetic alterations that cause stem cell differentiation (Gudas, 2013). Through binding to the RARs, ATRA modifies how the retinoic acid receptors (RARs) interact with various protein elements of the transcription complex at multiple genes in stem cells. The epigenetic marks on histones or DNA are added to or removed by some of these protein components of the transcription complex, altering the chromatin structure and leading to the departure from the self-renewing, pluripotent stem cell state (Gudas, 2013). According to research, 9-cis-RA and ATRA can significantly increase the expression of ABCA1, ABCG1, and ApoE in THP-1 macrophages and the efflux of cholesterol to ApoA-1 in RAW264.7 macrophages (Langmann et al., 2005). Additionally, 9-cis-RA has been connected to the ABCA1-mediated cholesterol efflux from J774 macrophages, THP-1-derived macrophages, and RAW264.7 macrophages (Schwartz et al., 2000; Kiss et al., 2005).
5.5 Phenylpropanoids
5.5.1 Ferulic acid
Ferulic acid (FA) ((E)-3-(4-hydroxy-3-methoxy-phenyl) prop-2-enoic acid), a caffeic acid derivative, can be isolated from several Chinese herbal medicines, including Cimicifuga racemosa, Angelica sinensis, and Rhizoma Ligustici Chuanxiong, as well as from plants that are commonly found in our diet, including Oryza sativa, Glycine max, and Zea mays (Li et al., 2022). FA has free radical scavenging and antioxidant properties that have a wide range of potential applications in the prevention and treatment of CVD and the management of cancer, as well as hepatoprotective, antimicrobial, and anti-inflammatory therapies (Li et al., 2022). FA, a metabolite of chlorogenic acid, has an improving effect on HDL-mediated cholesterol efflux from macrophages by increasing the expression of ABCG1 and SR-BI (Uto-Kondo et al., 2010).
5.5.2 Chlorogenic acid
Chlorogenic acid (CA) is a phenolic molecule from the hydroxycinnamic family found in drinks made from herbs, fruits, and vegetables. It is recognized for its antioxidant capabilities against free radicals (Santana-Gálvez et al., 2017). In ApoE−/− mice fed a diet high in cholesterol, CA decreased the percentage and total atherosclerotic lesion area, as well as the aortic dilatation and serum levels of TC, LDL-C, and TG (Wu et al., 2014). Through the upregulation of the transcription of PPARγ, LXRα, ABCA1, and ABCG1 in in vitro mechanistic studies, CA repressed foam cell growth and decreased the oxLDL-induced neutral lipid and cholesterol accumulation in RAW264.7 macrophages (Wu et al., 2014). In HepG2 cells, chlorogenic acid enhanced mRNA expression of ABCA1, CYP7A1, and AMPKα2 and facilitated the efflux of TC and triacylglycerol (Hao et al., 2016).
5.5.3 Lignans
The largest concentration of lignans, which are bioactive, non-nutritive, non-caloric phenolic plant chemicals, is found in flax and sesame seeds (Peterson et al., 2010). Dietary lignans demonstrate strong antiviral, antioxidant, anticancer, and antiatherosclerotic properties via functioning as phytoestrogens (Peterson et al., 2010).
5.5.3.1 Arctigenin
Across hundreds of years, people all over the world have used the roots of Arctium lappa, also known as larger burdock, as food and traditional herbal medicine. The seeds of the Arctium lappa plant contain arctigenin, a phenylpropanoid dibenzylbutyrolactone lignin (Nam and Nam, 2020). The antibacterial, antiviral, antioxidant, anti-inflammatory, and anticancer properties of arctigenin have been demonstrated (Maxwell et al., 2018). Arctigenin boosted the expression of ApoE, ABCA1, and ABCG1 in oxLDL-loaded THP-1 macrophages, increasing cholesterol efflux (Xu et al., 2013).
5.5.3.2 Honokiol
Honokiol (HKL) [2-(4-hydroxy-3-prop-2-enyl-phenyl)-4-prop-2-enyl-phenol] is a naturally occurring biphenolic chemical with a low molecular weight, which is obtained from the bark of magnolia trees and is utilized in traditional Chinese medicine (Fried and Arbiser, 2009). It possesses analgesic, anti-inflammatory, antioxidant, anti-tumor, and neuroprotective activities as a pharmaceutical (Pillai et al., 2015). Honokiol could activate the RXR/LXR heterodimer, inducing the ABCA1 expression and improving cholesterol efflux from MPMs (Kotani et al., 2010). According to another study, honokiol boosted ABCA1 expression by interacting with RXRβ. Additionally, it boosted the expression of ABCG1 and ApoE (Jung et al., 2010).
5.5.3.3 Sesamin
Sesamin, a naturally occurring lignin compound, is isolated from sesame seeds and has many positive health effects, including anti-inflammatory, anticancer, anti-hypertension, anti-thrombotic, antidiabetic, anti-atherogenic, anti-obesity, and lipolytic effects (Dalibalta et al., 2020). It also can reduce damage to the intestine, kidneys, heart, brain, and liver (Wang et al., 2021b). Studies have shown that sesamin inhibits LPS-induced macrophage-derived chemokine expression through ER, PPAR-α, MAPK-p38 pathway, NFκB-p65 pathway, and epigenetic regulation (Hsieh et al., 2014). Sesamin boosted cholesterol efflux from RAW264.7 macrophages and decreased the oxLDL-induced accumulation of cholesterol, most likely by activating PPARγ, LXRα, and ABCG1 (Liu et al., 2014b). Sesamin reduced AS in ApoE−/− mice by stifling vascular inflammation, according to in vivo research (Wu et al., 2010).
5.6 Alkaloids
5.6.1 Berberine
Berberine (BBR) is a naturally occurring substance extracted from herbs, including Coptis chinensis and Berberis vulgaris. BBR has been identified as a safe and effective treatment for type 2 diabetes and hyperlipidemia with new mechanisms since 2004 (Kong et al., 2004). Over the past 10 years, several studies have demonstrated the clinical effectiveness of BBR in decreasing lipids and glucose (Wang et al., 2021c). The investigation results demonstrated that BBR administration mostly impacted enzymes involved in histone acetylation and methylation (Zhang et al., 2016). The expression of the proteins H3K4me3, H3K27me3, and H3K36me3 reduced after BBR administration, according to Western blotting tests conducted concurrently (Zhang et al., 2016). By encouraging LXRα/ABCA1-dependent cholesterol efflux, BBR reduced the development of foam cells in THP-1 macrophages (Lee et al., 2010). Nevertheless, ABCG1, SR-BI, CD36, and SR-A were unaffected by berberine. The impact of BBR on macrophages is also mediated by other pathways, including AMPK/Sirt1 activation, autophagy induction, and adipocyte enhancer-binding protein 1 suppression (Huang et al., 2012; Chi et al., 2014; Kou et al., 2017). Moreover, in a rat model of adjuvant arthritis, BBR treatment restrained the phagocytic function of macrophages and restored the balance of M1/M2 by reducing the levels of M1 cytokines (TNF-α, IL-1β, and IL-6), increasing the levels of M2 cytokines (IL-10 and TGF-β1), increasing the expression of arginase 1(Arg1) (M2 marker), and decreasing the expression of iNOS (M1 marker) (Zhou et al., 2019).
5.6.2 Piperine
Long and black peppers contain piperine (Srinivasan, 2007). Previous research has demonstrated that piperine has a variety of pharmacological properties. In terms of pharmaceuticals, piperine decreases depressive disorders, prevents hepatotoxicity, and reduces obesity and diabetes (Nogara et al., 2016). According to studies, piperine suppresses the development of adipocytes by dynamically controlling histone modifications and regulating the expression of genes involved in adipogenesis and lipolysis (Park et al., 2019). In THP-1-differentiated human macrophages, piperine was likewise observed to increase ABCA1 protein expression. However, it did not affect ABCG1 or SR-BI expression (Wang et al., 2017a).
5.6.3 Rutaecarpine
Rutaecarpine (8,13-dihydro-7H-indolo-[2′,3′:3.4]-pyrido [2,1-b]-quinazolin-5-one) is an alkaloid first isolated from E. rutaecarpa. Earlier studies demonstrated that rutaecarpine possesses many biological and pharmacological features, including the ability to cause diuresis, sweating, uterotonic action, brain function improvement, antinociception, and anti-obesity (Jayakumar et al., 2021). Studies showed that rutaecarpine increased cholesterol efflux by upregulating the expression of ABCA1 and SR-BI in vitro (RAW264.7 macrophages and HepG2 cells) and in vivo (ApoE−/− mice) (without changing ABCG1 and CD36) (Xu et al., 2014). This reduced the lipid buildup and foam cell formation. Through this method, rutaecarpine decreased the growth of atherosclerotic plaque in ApoE−/− mice (Xu et al., 2014).
5.7 Others
5.7.1 Astragalus polysaccharides
The primary active ingredient of Astragalus membranaceus, Astragalus polysaccharides (APS), is widely used in clinical applications as an immunomodulator (Li et al., 2012). It has several bio-activities, including anti-inflammatory, proliferative, and immune-regulating effects, and a molecular weight of 3.6 × 104 Da (Sun et al., 2021a). Studies have demonstrated that APS significantly abrogates LPS-induced IL-6 levels in THP-1 macrophages (Long et al., 2022). ABCA1 expression in foam cells exposed to TNF-α increases in response to APS (Wang et al., 2010a). As a result, APS increases the outflow of cholesterol and reduces fat accumulation. According to further research, TNF-α-induced NF-κB activation in foam cells generated from THP-1 was reversed by APS (Wang et al., 2010a).
5.7.2 Diosgenin
Diosgenin has gained more attention recently due to its efficacy in treating several metabolic diseases, including diabetes, CVD, neurological conditions, osteoporosis, and hyperlipidemia, as well as its anticancer effects, which are mediated via multiple targets and regulate a variety of signals (Sun et al., 2021b). By preventing the nuclear translocation of the Notch intracellular domain in THP-1 cells, diosgenin prevented AS (Binesh et al., 2018). By preventing the induction of ICAM1, VCAM1, and endothelial lipase, it also prevented the adherence of TNF-α-induced leukocytes to activated endothelium cells (Wu et al., 2015b). Diosgenin is a naturally occurring compound capable of modulating M1 polarization (Saqib et al., 2018). Additionally, dioscin prevented systemic inflammation and the LOX-1/NF-κB pathway in MPMs from rats with atherosclerotic arteries, inhibiting the absorption of oxLDL (Wang et al., 2017b).
5.7.3 Panax notoginseng saponins
The primary bioactive components of Panax notoginseng (P. notoginseng) are known as Panax notoginseng saponins (PNS), which include several saponins of the dammarane type (Xu et al., 2019). PNS have several cardiovascular preventive properties, including avoiding endothelial dysfunction, boosting blood flow, inhibiting the production of foam cells, antioxidation, anti-inflammation, and antithrombosis (Yuan et al., 2011). According to Duan et al. (2022), PNS regulate the miR-194 promoter, miR-194, and MAPK methylation using cellular assays and blinded, controlled trials. PNS increased ABCA1 expression in macrophages, which reduced the buildup of cholesterol esters (Jia et al., 2010). PNS, at a dosage of 100 mg/kg per day, reduced foam cell development in rats with AS caused by zymosan A, according to in vivo research (Yuan et al., 2011).
5.7.4 Emodin
Emodin is an anthraquinone derivative isolated from Polygonum multiflorum (Ma et al., 2015). It has various therapeutic actions, including anti-tumor, anti-inflammatory, antioxidant, and anti-virus properties (Zheng et al., 2019). Studies have shown that emodin can bidirectionally regulate macrophage polarization and epigenetic regulation of macrophage memory (Iwanowycz et al., 2016). Emodin prevented H3K27 trimethylation (H3K27m3) marks from being removed from, and H3K27ac marks from being added to, genes needed for M1 or M2 polarization of macrophages (Iwanowycz et al., 2016). By activating the PPARγ/LXRα/ABCA1 signaling pathway, emodin boosted ApoA-1-mediated cholesterol efflux from THP-1 macrophages. Emodin also reduced diet-induced AS in rabbits (Hei et al., 2006; Fu et al., 2014).
6 SUMMARY AND PERSPECTIVES
Evidence suggests that low-grade inflammation, predominantly driven by the immune system, plays a critical role in the development of AS (Leentjens et al., 2018). Although anti-inflammatory medications, such as canakinumab and colchicine, have been recently proven to lower the risk of CVD, there are still significant side effects and a high residual risk (Ridker et al., 2017; Tardif et al., 2019). Therefore, innovative therapies are urgently needed, and trained immunity provides interesting new pharmacological targets for new drug therapies. With enhanced production of pro-atherosclerotic cytokines/chemokines and higher foam cell generation, trained monocytes and macrophages showed a strong pro-atherosclerotic character. This is accomplished by epigenetic reprogramming of histone methylation levels and metabolic rewiring. These processes occur not only in circulating monocytes but also in myeloid progenitor cells, which ensure a long-term state of hyperactivation of innate immune cells. This review describes the aforementioned mechanisms in detail.
Although trained immunity is an immunological memory that is not disease-specific, different trained immune programs have different levels of disease specificity (Mulder et al., 2019). Natural products serve as a desirable resource in the search for novel therapies due to their high structural variety and biodiversity. Many natural products have been potential candidates for regulating immune training through different mechanisms, such as RV and EGCG. This paper provides an overview of anti-ASCVD natural products, such as flavonoids, phenols, terpenoids, carotenoids, phenylpropanoids, and alkaloids, that potentially modulate trained immunity. Although in vivo studies of AS models already exist for these natural compounds, making these compounds more promising, there is currently less evidence that these natural compounds can directly modulate training immunity. Further studies are needed to reveal possible pathways by which natural products act on trained immunity.
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AMD age-related macular degeneration
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ATP adenosine triphosphate
AMPK AMP-activated protein kinase
AP-1 activating protein-1
BCG bacille Calmette–Guérin
BA betulinic acid
BC β-carotene
BBR berberine
CA chlorogenic acid
CD36 cluster of differentiation 36
CAD coronary artery disease
CoA acetyl coenzyme A
CCL2 chemokine C–C motif ligand 2
CVD cardiovascular diseases
C3G Cyanidin-3-O-glucoside
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CARM1 coactivator-associated arginine methyltransferase 1
ceRNA competing endogenous RNA
DAMP damage-associated molecular pattern
DNMTs DNA methyltransferases
EGCG epigallocatechin-3-gallate
EA ellagic acid
FAO fatty acid oxidation
FAS fatty acid synthase
FAK focal adhesion kinase
GM-CSF granulocyte–macrophage colony-stimulating factor
GS glutamine synthetase
GVHD graft-versus-host disease
HATi histone acetyltransferase inhibitor
HATs histone acetyltransferases
HDACs histone deacetylases
HDL-C HDL-cholesterol
HFD high-fat diet
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HSCs hematopoietic stem cells
HMG-CoA 3-hydroxy-3-methylglutaryl-coenzyme A
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HDAC1–2 histone deacetylase 1–2
HPC hematopoietic progenitor cell
HMDMs human peripheral blood monocyte-derived macrophages
H3K27m3 H3K27 trimethylation
iNOS
inducible nitric oxide synthase
IL interleukin
ICAM-1 intercellular adhesion molecule 1
JNK c-Jun N-terminal kinases
LDL low-density lipoprotein
LDs lipid droplets
LXR liver X receptor
LPS lipopolysaccharide
lncRNAs long non-coding RNAs
LDL-C LDL-cholesterol
MCP-1 monocyte chemoattractant protein-1
MMP-2 matrix metalloproteinases 2
m5C methylate cytosine
mTOR mammalian target of rapamycin
MSCs mesenchymal stem cells
NLRP3
NOD-, LRR-, and pyrin domain-containing protein 3
NO nitric oxide
Nox1 NADPH oxidase 1
oxLDL oxidized LDL
OXPHOS oxidative phosphorylation
oxPAPC oxidized phospholipids made of 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine
PPARγ peroxisome proliferator-activated receptor γ
PPP pentose phosphate pathway
PFKFB3 6-phosphofructo-2-kinase/fructo-2, 6-bisphosphatase
PDK1 pyruvate dehydrogenase kinase isozyme 1
PI3K phosphoinositide 3-kinase
PON-1 paraoxonase-1
PEA pomegranate ellagic acid
PCSK9 proprotein convertase subtilisin/kexin type 9
PCA protocatechuic acid
PNS Panax notoginseng saponins
quercetin
3,3',4',5,7-pentahydroxyflavone
RXR retinoid X receptor
ROS reactive oxygen species
Runx1 Runt-related transcription factor 1
RCT reverse cholesterol transport
RV resveratrol
RARs retinoic acid receptors
SalB salvianolic acid B
SAM S-adenosylmethionine
SR-A type A scavenger receptor
SR-BI scavenger receptor class B type I
SDH succinate dehydrogenase
STK11 serine/threonine kinase 11
TNF-α tumor necrosis factor-α
TCA cycle tricarboxylic acid cycle
TLR4 Toll-like receptor 4
TC total cholesterol
TMAO trimethylamine N-oxide
Tan IIA tanshinone IIA
ursolic acid
3B-hydroxy-12-urc-12-en-28-oic acid
9-cis-RA
9-cis retinoic acid
VCAM-1 vascular cell adhesion molecule 1
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WTD Western-style diet
WDR5 WD repeat-containing protein 5
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Background: Rosacea is a common facial skin inflammatory disease featured by hyperactivation of mTORC1 signaling in the epidermis. Due to unclear pathogenesis, the effective treatment options for rosacea remain limited.
Methods: Weighted gene co-expression network analysis (WGCNA) analyzed the relationship between epidermis autophagy and mTOR pathways in rosacea, and further demonstrated it through immunofluorescence and qPCR analysis. A potential therapeutic agent for rosacea was predicted based on the key genes of the WGCNA module. In vivo and in vitro experiments were conducted to verify its therapeutic role. Drug–target prediction (TargetNet, Swiss, and Tcmsp) and molecular docking offered potential pharmacological targets.
Results: WGCNA showed that epidermis autophagy was related to the activation of mTOR pathways in rosacea. Next, autophagy was downregulated in the epidermis of rosacea, which was regulated by mTOR. In addition, the in vivo experiment demonstrated that autophagy induction could be an effective treatment strategy for rosacea. Subsequently, based on the key genes of the WGCNA module, epigallocatechin-3-gallate (EGCG) was predicted as a potential therapeutic agent for rosacea. Furthermore, the therapeutic role of EGCG on rosacea was confirmed in vivo and in vitro. Finally, drug–target prediction and molecular docking revealed that AKT1/MAPK1/MMP9 could be the pharmacological targets of EGCG in rosacea.
Conclusion: Collectively, our findings revealed the vital role of autophagy in rosacea and identified that EGCG, as a therapeutic agent for rosacea, attenuated rosacea-like inflammation via inducing autophagy in keratinocytes.
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BACKGROUND
Rosacea is a common chronic inflammatory skin disorder with a series of features such as facial erythema, telangiectasia, papules, and pustules (Gallo et al., 2018). It significantly impacts the quality of life and affects between 5% and 20% of the population (Gether et al., 2018). The pathogenesis of rosacea is not well understood, but previous studies have shown that the interaction of genetics and a variety of environmental factors may lead to disorders of the skin’s immune system, particularly the abnormal production of cathelicidin LL37, leading to chronic inflammation and abnormal vascular responses of rosacea (Steinhoff et al., 2011; Ahn and Huang, 2018; Awosika and Oussedik, 2018). Due to the ambiguous pathophysiological mechanisms, there is still no effective treatment for rosacea.
The mammalian target of the rapamycin (mTOR) pathway is crucial for various biological processes including cell proliferation, apoptosis, metastasis, and angiogenesis (Deng et al., 2015; Fogel et al., 2015). Our previous work verified hyperactivated mTORC1 signaling in rosacea which promotes rosacea skin inflammation (Deng et al., 2021). Meanwhile, topical administration of rapamycin (mTOR inhibitor) ameliorated clinical lesions in rosacea patients (Deng et al., 2021). However, the underlying mechanism of mTOR signaling in rosacea still needs to be elucidated.
Autophagy is a dynamic process that maintains cellular homeostasis during environmental stress stimuli. Dysregulation of autophagy contributes to the pathogenesis of various skin diseases, including allergic contact dermatitis, atopic dermatitis, and psoriasis (Ohsumi, 2014; Cadwell, 2016). It has been reported that autophagy deficiency led to DNA damage and senescence of keratinocytes (Song et al., 2017). A recent study found that autophagy is essential for the activation of keratinocytes in wound healing (Qiang et al., 2021). In addition, autophagy plays a pivotal role in psoriasiform keratinocyte inflammation (Wang Z. et al., 2021). It is well known that mTOR is an important regulator of the autophagy process (Munson and Ganley, 2015). However, little is known about the link between autophagy and rosacea pathogenesis.
Epigallocatechin-3-gallate (EGCG), a natural polyphenol found in green tea, has many biological activities, including anti-inflammatory, antioxidant, cardioprotective, neuroprotective, and anticancer activities (Nan et al., 2019; Yi et al., 2020; Nan et al., 2021). Studies have revealed EGCG as a potential therapeutic agent for various skin inflammation conditions, including psoriasiform dermatitis (Chamcheu et al., 2018), interface dermatitis (ID) (Braegelmann et al., 2022), and atopic dermatitis (AD) (Noh et al., 2008). Although a clinical trial of four healthy volunteers demonstrated the potential anti-angiogenic effect of EGCG cream (Domingo et al., 2010), whether EGCG has a therapeutic effect on rosacea remains unknown.
Here, we revealed that the autophagy of keratinocytes was associated with the aberrant activation of mTOR signals and contributed to the progression of rosacea. Furthermore, we identified EGCG as a therapeutic agent of rosacea and found that it significantly attenuated rosacea inflammation by inducing autophagy in keratinocytes.
METHODS
Rosacea transcriptome data
The gene expression array of rosacea (GSE65914) was downloaded from the GEO database. Our previous epidermal transcriptome data (HRA000809) from 18 rosacea tissues and 5 normal skin tissues were downloaded for gene set variation analysis (GSVA).
GSVA
To investigate the activation of mTOR pathways in rosacea, GSVA was performed using “GSVA” R packages.
WGCNA
After removing the low-expressed genes (FPKM<1), the genes with the top 25% largest variance were used for WGCNA with power (β) = 4 using the “WGCNA” R package as previously described (Li Y. et al., 2021). The genes from modules related to the mTOR pathway with GS > 0.5 were identified as hub genes and used for drug prediction.
Drug prediction
DGIdb (https://dgidb.org/) was used for drug prediction. The predicted drugs with more than two target genes were collected for further analysis (Cotto et al., 2018; Freshour et al., 2021).
ANIMALS
For the experiment, 8-week-old female BALB/c mice were purchased from Shanghai SLAC Laboratory Animal Co., LTD. (Shanghai, China). All studies and experimental procedures were approved by the Animal Ethics Committee of Xiangya Hospital of Central South University (No. 201703211). The rosacea-like mouse model was induced as previously described (Agrahari et al., 2020; Kulkarni et al., 2020). Skin inflammation of the mouse model was evaluated by the severity of erythema and edema as previously described (Deng et al., 2021). For EGCG treatment, BALB/c mice were treated with EGCG at a dose of 80 mg/kg per day for seven constitutive days. For topical bafilomycin A1 (BafA1) treatment, mice were injected intradermally with bafilomycin A1 (100 μМ) twice a day for 2 days. The rapamycin treatment was as previously described (Deng et al., 2021).
Cell culture and treatment
HaCaT cells (Biovector Science Lab, Beijing, China) were cultured according to the manufacturer’s instructions, and the cells were then treated with different doses of EGCG with or without LL-37 (8 μM). For each experiment, 3-MA (10 μM) or BafA1 (10 nM) was added to HaCaT cells 1 h prior to the EGCG treatment. The cells treated with rapamycin, the mTOR inhibitor, were considered a positive control for this study.
RNA extraction and real-time quantitative PCR (qPCR)
Total RNA was extracted from mouse skin tissue or cells using the Trizol reagent (Invitrogen, United States), and then, cDNA was synthesized using the Maxima H Minus First Strand cDNA Synthesis Kit with dsDNase (Thermo Fisher Scientific, United States). qPCR assay was performed with iTaqTM Universal SYBR® Green Supermix (Bio-Rad, United States) using the CFX Connect Real-Time PCR System (Bio-Rad, United States). qPCR primers are shown in Supplementary Table S1.
Histological analysis
Skin tissues were fixed overnight with 4% formaldehyde, and sections of 4 μm thickness were used for hematoxylin and eosin (H&E) staining as previously described (Xie et al., 2022). All studies and experimental procedures were approved by the Human Ethics Committee of Xiangya Hospital of the Central South University (No. 201703212).
For immunofluorescence, skin tissues were embedded in OCT and sectioned at 8 μm thickness. The sections were washed with PBS, fixed in 4% frozen paraformaldehyde (PFA) for 15 min, and then blocked for 1 h in PBS containing 1% BSA and 0.3% Triton X-100. Primary antibodies were incubated at 4°C overnight. The sections were washed with PBS and incubated with secondary antibodies for 1 h at room temperature. The nuclei were stained with DAPI. All images were taken using a Zeiss fluorescence microscope and analyzed using Zen2 software (Germany). Anti-LC3 (1:200; Sigma-Aldrich, catalog L7543), anti-CD4 (1:100; eBioscience, catalog 12–0043-82), anti-Beclin1 (1:100; Proteintech, catalog 66665-1-Ig), and Alexa Fluor 488-conjugated goat anti-mouse IgG (H + L) cross-adsorbed secondary Ab (1:500; Invitrogen, catalog A-32723) were used.
Cell viability assay
Cell proliferation was evaluated using a Cell Counting Kit-8 assay (Vazyme, Nanjing, China). Briefly, 1 × 103 cells/100 μl/well cells were seeded into 96-well plates. The supernatant was removed 48 h later, and 10 μl of the CCK-8 reagent and 100 μl fresh media were introduced per well and incubated for 2 h at 5% CO2 and 37°C. Then, the absorbance at 450 nm was measured using the EnSight™ Multimode Plate Reader (PerkinElmer, Waltham, MA).
Immunoblotting
The skin tissues and cells were lysed in RIPA buffer (Thermo Fisher Scientific, United States). Next, the protein was separated by SDS-PAGE and incubated with primary antibodies, including anti-LC3 (1:1,000; Sigma-Aldrich, catalog L7543), anti-GAPDH (1:5,000; Abcam, catalog ab8245), anti-p62 (1:1,000; Cell Signal Technology, catalog 88,588), anti-S6 (1:1,000; Cell Signal Technology, catalog 2317), and anti-pS6 (Ser240/244) (1:1,000; Cell Signal Technology, catalog 5364).
Transmission electron microscopy
Cells were treated and collected by trypsinization and fixed in 2.5% glutaraldehyde for 4 h and then refixed in 1% osmium tetroxide for 2 h. After dehydration using a stepwise ethanol series, the cells were embedded in an embedding medium and then polymerized at 60°C for 2 days. The samples were cut on Leica EM UC6 (Leica, Wetzlar, German) at 80 nm thickness and stained with uranyl acetate and lead citrate. Images were acquired using a transmission electron microscope (Hitachi, Tokyo, Japan).
Ad-mCherry-GFP-LC3 transfection
HaCaT cells were transfected with mCherry-GFP-LC3 adenovirus when they grew to 60%–70% confluence on dishes for 12 h at 37°C. Following treatment with EGCG, LL-37, or BafA1, images were taken using a confocal microscope (Leica, Germany).
Pharmacological targets of EGCG
We used accessible online tools to predict the potential pharmacological targets of EGCG, including TargetNet, Swiss, and TCMSP (Wishart et al., 2018). Then, the candidate targets were identified using the UniProt database (Li R. et al., 2021).
Molecular docking
The PubChem database (https://pubchem.ncbi.nlm.nih.gov/) was used to obtain the molecular structure of EGCG (CID-65064). The PDB database (https://www.rcsb.org/) was used for the protein structures of AKT1 (6HHG), MAPK1 (6DCG), and MMP9 (6ESM). Maestro software was used for molecular docking (Zhang H. et al., 2021).
Statistical analysis
Statistical analysis was conducted with GraphPad Prism (8.0.0) (San Diego, California United States). All data were displayed as the mean ± SEM of three independent experiments. Unpaired Student’s t-test was used for the comparison of two groups, and one-way ANOVA followed by Dunnett’s test was used for multiple comparisons. The level of statistical significance was set at p < 0.05.
RESULTS
WGCNA identified the keratinocyte autophagy associated with the mTOR pathway in rosacea
Our previous study identified the important role of the mTOR pathway in rosacea; however, the potential mechanism remains unknown (Deng et al., 2021). Here, based on our previous epidermis transcriptome data, GSVA identified the activation of the mTOR pathway in rosacea (Supplementary Figure S1). Next, we used WGCNA to identify the rosacea-related and mTOR pathway-related genes in the epidermis of rosacea. A total of 5,278 genes were used for WGCNA, and one abnormality (HSE_3) was removed (Figure 1A). The soft threshold β = 4 and scale-free R2 = 0.93 are shown in Figure 1B. After merging the similar modules, 14 modules were obtained as shown in Figure 1C. The relationships between the mTOR pathway and modules are shown in Figure 1D. The black module (r = 0.59, p = 0.004) and brown module (r = 0.74, P = 9e-5) were positively associated with the mTOR pathway, while the blue module (r = -0.55, p = 0.008) was negatively associated with the mTOR pathway. The relationship between GS and MM in black, brown, and blue modules is shown in Figure 1E. The GO enrichment analysis demonstrated that the genes in the blue and black modules were enriched in the autophagy-related signal pathways using Metascape (http://metascape.org/) (Figure 1F). These results indicated that the activated mTOR pathway could affect keratinocytes’ autophagy in rosacea.
[image: Figure 1]FIGURE 1 | WGCNA. (A) Sample cluster analysis associated with clinical characters. (B) Scale-free fitting index analysis and the mean connectivity for various soft-threshold powers. (C) Gene dendrogram and module colors of WGCNA. (D) Correlation analysis between modules and clinical characters. (E) Relationship between GS and MM in the blue, brown, and black modules. (F) GO analysis of genes from blue, brown, and black modules, respectively.
Autophagy was reduced in the keratinocytes and aggravated rosacea-like inflammation
To determine the roles of autophagy in rosacea, we analyzed the expression levels of the autophagy-related markers in rosacea lesion tissues and normal skin tissues. As shown in Figure 2A and Supplementary Figure S2, the expression of autophagy-related genes (ATG9A, ATG10, ATG12, and PIK3C3) was evidently decreased in rosacea lesions compared with normal skin tissues in the GSE65914 dataset. Immunofluorescence revealed decreased becline1 in the lesioned skin of rosacea patients (Supplementary Figure S3). These results were confirmed in LL-37-induced rosacea-like mouse models. We observed that the mRNA expressions of autophagy-related genes (Becn1, Atg5, Atg10, and Atg12) were decreased in LL-37-induced mouse skin tissue (Figure 2B). The immunofluorescence analysis also revealed that the LC3 expression was much lower in the epidermis of LL-37-induced rosacea-like lesioned skin than in control mouse skin tissues (Figure 2C).
[image: Figure 2]FIGURE 2 | Autophagy was reduced in the keratinocytes and aggravated rosacea-like inflammation. (A) Expression of the autophagy markers, ATG9A, ATG10, ATG12, and PIK3C3, in the epidermis of rosacea patients and normal subjects. (B) mRNA expression levels of Becn1, Atg5, Atg10, and Atg12 in LL-37-induced mouse skin lesions. (C) Immunofluorescence analysis of LC3 in skin lesions from control mice and LL37-induced mice. Scale bar: 50 μm. (D) Representative images and HE straining of mice injected with BafA1 and/or LL-37 showing erythema on the ear. (E) Measurement of the mouse ear thickness. The mRNA expression levels of Il6, Tlr-2, and Tnf-α. (n = 5 for each group). All results are representative of at least three independent experiments. Data represent the mean ± SEM. One-way ANOVA with Bonferroni’s post hoc test was used for statistical analyses. *p < 0.05, **p < 0.01, and ***p < 0.001.
Next, we investigated whether autophagy affects LL-37-induced rosacea-like inflammation. For that, 8-week-old BALB/c female mice were injected intradermally with LL-37 alone, bafilomycin A1 (autophagy inhibitor) alone, or co-injected with both LL-37 and bafilomycin A1. Enhanced ear redness and thickness were observed, accompanied by an increase in Il-6, Tlr-2, and Tnf-α (Figures 2D, E). We also found that Cxcl1, Cxcl15, Cd68, Itgam, Cma1, and Tpsab1 were increased when treated with BafA1 alone or with LL-37 + BafA1 (Supplementary Figure S4). In addition, in our previous studies, we observed that rapamycin, an agonist of autophagy, prevents the development of rosacea-like skin inflammation (Deng et al., 2021). In the present study, we found that the mRNA expression of autophagy-related genes Becn1, Atg5, Atg10, and Atg12 was significantly increased in LL37-induced rosacea lesions after topical rapamycin treatment (Supplementary Figure S5). Altogether, these results demonstrated that autophagy was reduced in keratinocytes of rosacea, and autophagy impairment/improvement aggravated/ameliorated rosacea-like skin inflammation.
EGCG was identified as a candidate drug for rosacea
To investigate the candidate drugs for rosacea, the hub genes from black and blue modules were input into DGIdb. In total, 190 drugs targeting 23 genes from the black module and 77 drugs targeting 15 genes from the blue module were identified, and 28 drugs overlapped (Figure 3A). The Sankey diagram revealed the detailed relationship between hub genes and 28 drugs (Figure 3B). Among them, EGCG has been reported to present anti-inflammatory and immunoregulatory effects and has been increasingly recognized worldwide for its low cost, easy-to-obtain nature, low toxicity, low side effects, and high tolerance. So, EGCG was selected for further study.
[image: Figure 3]FIGURE 3 | EGCG is a candidate drug for rosacea. (A) Overlapped drugs predicted by DGIdb. (B) Sankey diagram revealed the relationship between modules, hub genes, and drugs.
EGCG attenuated LL-37-induced rosacea-like dermatitis
We initially investigated the potential therapeutic effect of EGCG on rosacea in an LL-37-induced mouse model. As shown in Figure 4A, EGCG treatment significantly ameliorated the LL37-induced rosacea-like lesions. The average redness area and score were dramatically reduced in the EGCG group compared with the PBS group (Figures 4B, C). Histological analysis showed that treatment with EGCG resulted in the reduction of immune infiltration in the dermis (Figures 4A–D). Meanwhile, EGCG treatment also reduced the expression of pro-inflammatory cytokines, including Il-6, Tlr-2, and Tnf-α in LL-37-induced rosacea-like lesions (Figure 4E). Moreover, EGCG also reduced the expressions of the neutrophil-attracting chemokines (Cxcl15 and Cxcl1), macrophage markers (Cd68 and Itgam), and mast cell-related genes (Tpsab1 and Cma1) in LL-37-induced rosacea-like lesions (Supplementary Figure S6A). The infiltration of CD4+ T cells and the expression of Stat1, Stat3, and IL-17A were repressed by EGCG treatment in rosacea-like mice (Supplementary Figures S6B–D). These results demonstrated the therapeutic effect of EGCG in rosacea-like dermatitis in mice.
[image: Figure 4]FIGURE 4 | Effect of EGCG on LL37-induced rosacea-like mice. (A) Skin manifestation of different groups. Images were taken 48 h after the first LL37 administration. Scale bar: 50 μm. The severity of inflammatory responses on the skin was assessed in the redness area (B), redness score (C), and quantitative result of HE staining for dermal cellular infiltrates (D). (E) mRNA expression levels of Il6, Tlr2, and TNF-α in skin lesions (n = 5 for each group). All results are representative of at least three independent experiments. Data represent the mean ± SEM. One-way ANOVA with Bonferroni’s post hoc test was used for statistical analyses. **p < 0.01 and ***p < 0.001.
EGCG decreased LL-37-induced inflammation in keratinocytes
First, we detected the role of EGCG on keratinocytes in vitro. We found that the concentrations of 80 μM EGCG repressed the viability of HaCaT cells, and drug concentrations of 10, 20, and 40 μM were chosen in the following cell experiments (Figure 5A). Next, we demonstrated that EGCG treatment reduced LL37-induced TLR-2 and CAMP, the key rosacea markers (Yamasaki et al., 2007; Yamasaki et al., 2011; Zhang J. et al., 2021), and expression in the HaCaT cells (Figure 5B). Considering the pivotal role of keratinocytes in producing excessive pro-inflammatory cytokines and chemokines in the pathogenesis of rosacea (Steinhoff et al., 2011), we demonstrated the inhibitory effects of EGCG on cytokine and chemokine expression in HaCaT cells. The expressions of pro-inflammatory cytokines and chemokines, including CXCL10, CCL20, CCL3, CCL5, CXCL12, and CXCL13, were analyzed using the qPCR assay. All these genes except CCL5 were significantly reduced by EGCG treatment (Figure 5C). Thus, we concluded that EGCG repressed LL-37-induced keratinocyte inflammation.
[image: Figure 5]FIGURE 5 | EGCG decreased the production of cytokines and chemokines related to rosacea in keratinocytes. (A) Effect of different concentrations of EGCG on cell viability is determined by CCK-8 assay. (B) mRNA expression levels of TLR2 and CAMP. (C) mRNA expression levels of CCL3, CCL5, CCL20, CXCL10, CXCL12, and CXCL13. All results are representative of at least three independent experiments. Data represent the mean ± SEM. One-way ANOVA with Bonferroni’s post hoc test was used for statistical analyses. *p < 0.05, **p < 0.01, and ***p < 0.001. ns, no significance.
EGCG reduced rosacea-like inflammation by inducing keratinocyte autophagy
It has been reported that autophagy effectively protects keratinocytes against injury in inflammatory skin diseases (Hou et al., 2020; Kim et al., 2021). To confirm whether the anti-inflammatory effect of EGCG could be due to the induction of autophagy in rosacea, we detected the autophagy levels in rosacea-like mice after EGCG treatment. Here, we found that EGCG could induce keratinocyte autophagy in LL37-induced rosacea-like mice (Figure 6A). Next, we detected the role of EGCG in autophagy in LL37-treated HaCaT cells. The HaCaT cells were treated with 10, 20, and 40 μM EGCG or rapamycin (autophagy agonist) in the presence of LL-37, and subsequent autophagy events were monitored by western blotting. As shown in Figures 6A, B, LC3-I gradually transformed into LC3-II with the increase in EGCG concentration and treatment time. To determine the role of EGCG-induced autophagy in LL37-induced keratinocyte inflammation, BafA1, an autophagy inhibitor, was included in the ensuing studies. qPCR analysis showed that EGCG-repressed pro-inflammatory cytokine and chemokine expression, including CCL3, CCL5, CCL20, CXCL10, CXCL12, and CXCL15, was reversed by BafA1 treatment (Figure 6C).
[image: Figure 6]FIGURE 6 | EGCG reduced rosacea-like inflammation by inducing keratinocyte autophagy. (A) LC3 immunofluorescence staining (green) in LL-37-induced mice treated with or without EGCG. DAPI staining (blue) indicates nuclear localization. Scale bar: 50 μm. (B) Representative immunoblot analysis for the expression of LC3 and p62 in a dose- and time-dependent manner of EGCG treatment. (C) Inhibition of autophagy impairs the anti-inflammatory role of EGCG in HaCaT cells. The mRNA expression levels of CCL3, CCL5, CCL20, CXCL10, CXCL12, and CXCL13. All results are representative of at least three independent experiments. Data represent the mean ± SEM. One-way ANOVA with Bonferroni’s post hoc test was used for statistical analyses. *p < 0.05, **p < 0.01, and ***p < 0.001. ns, no significance.
Meanwhile, to examine whether the mechanism of EGCG on autophagy was due to an increase in the autophagy level and not due to the blocking of autophagy flux, we further analyzed p62 protein expression, which reflects the level of autophagosome clearance and negatively correlates with autophagy (Lamark et al., 2017). After EGCG treatment, there was a significant decrease in the p62 expression level (Figure 6B). EGCG significantly reduced p62 expression but induced LC3-II levels in a dose- and time-dependent manner. Cytoplasmic LC3 puncta formation is the hallmark event of autophagy (Schaaf et al., 2016). Thus, we examined EGCG induction of LC3 puncta formation after treating the HaCaT cells with EGCG by immunofluorescent staining. We observed that LC3 puncta formation was considerably augmented in the EGCG treatment group, while it was reduced in the LL-37-induced HaCaT cells compared with the untreated vehicle control (Figure 7A).
[image: Figure 7]FIGURE 7 | EGCG-induced autophagy in LL-37-induced HaCaT cells. (A) Immunostaining of LC3 in HaCaT keratinocytes treated with LL37 and/or EGCG for 24 h. DAPI staining (blue) indicates nuclear localization. Scale bar: 20 μm. (B) Representative immunoblot analysis of autophagy marker proteins in response to various treatments. (C) Representative TEM images showing the ultrastructure of HaCaT cells incubated with EGCG with or without BafA1 in the presence of LL-37. The red arrowheads indicate the autophagic vacuoles, respectively. AP, autophagosome; ASS, autolysosome. (D) HaCaT cells were transfected with the mCherry-GFP-LC3 plasmid and then treated with EGCG and/or BafA1 in the presence of LL-37 for 24 h. Nuclei were stained with DAPI. Scale bar: 20 μm. All results are representative of at least three independent experiments.
Furthermore, to clarify the correlation between EGCG and autophagy induction, 3-MA and bafilomycin A1 (BafA1), autophagy inhibitors, were employed in the subsequent studies. Immunoblot analysis showed that 3-MA and BafA1 blocked the EGCG-induced conversion of LC3-I to LC3-II, while p62 degradation induced by EGCG was impeded by autophagy inhibitors in LL-37-induced conditions (Figure 7B). Likewise, we found that the HaCaT cells co-treated with EGCG and LL-37 showed abundant autophagolysosomes under transmission electron microscopy. However, in contrast, the cells treated with merely LL-37 or BafA1 showed a limited number of autophagosomes and autophagolysosomes (Figure 7C). Next, tandem mCherry-GFP-LC3 fluorescence microscopy assay and transmission electron microscopy were performed to assess autophagosome and autophagolysosome formation. Our results indicated that the number of autophagosomes (green spots) and autolysosomes (yellow spots) in the EGCG treatment group was significantly increased compared to other groups, which suggested that EGCG enhanced autophagy flux in LL-37-induced HaCaT cells (Figure 7D).
Taken together, these data strongly suggested that EGCG attenuated LL-37-induced inflammation by increasing autophagy induction and autophagy flux in keratinocytes.
ATK1, MAPK1, and MMP9 could be direct targets of EGCG in rosacea
To explore the specific molecular mechanism of EGCG-induced autophagy, three databases (TargetNet, Swiss, and Tcmsp) were used to predict the target of EGCG in rosacea, and 95 target genes were predicted in two or more databases at the same time (Figure 8A). The GO analysis revealed the enrichment of these target genes in rosacea-related, autophagy-related, and mTOR-related pathways (Figures 8B, C). Among them, ATK1, MAPK1, and MMP9 were the key molecules in these pathways. Subsequent molecular docking was used to predict the binding of EGCG to ATK1, MAPK1, and MMP9 (Figure 8D). ATK/MAPK pathways were reported as a regulator of autophagy (Yuan et al., 2022). So, we speculated that EGCG could regulate autophagy by targeting ATK1, MAPK1, and MMP9 in rosacea.
[image: Figure 8]FIGURE 8 | Pharmacological targets of EGCG in rosacea. (A) Overlapped target genes of EGCG in TargetNet, Swiss, and Tcmsp. (B) KEGG enrichment analysis of EGCG-targeted signaling pathways. (C) Upset diagram of EGCG-targeted signaling pathways. (D) Molecular docking revealed the binding targets of EGCG.
DISCUSSION
Although significant effort is devoted to revealing pathogenesis and developing new therapeutic agents, the current therapeutic strategies for rosacea are still unsatisfactory (Logger et al., 2020; Wang B. et al., 2021; Kim et al., 2022). In this study, we revealed the important role of epidermis autophagy in rosacea and demonstrated EGCG as an effective agent for rosacea treatment, which attenuated rosacea-like inflammation via inducing keratinocyte autophagy.
The mTOR pathway is a crucial signal transduction pathway implicated in various physiological and pathological processes (Deng et al., 2015; Fogel et al., 2015). Our previous work demonstrated the important role of hyperactivated mTOR signaling in rosacea (Deng et al., 2021). In this study, an upregulated mTOR pathway in the epidermis of rosacea patients was confirmed using GSVA. Subsequently, WGCNA revealed the potential regulation of mTOR signaling on autophagy in the epidermis of rosacea. Autophagy is essential for the homeostasis of keratinocytes, and dysregulation of autophagy contributes to the pathogenesis of skin diseases and has been shown to play a critical role in inflammatory skin disorders, including atopic dermatitis, psoriasis, and allergic contact dermatitis (Cadwell, 2016). In this study, we found that autophagy was decreased and contributed to the progression of rosacea. mTOR is a well-known regulator of autophagy (Munson and Ganley, 2015). It has been shown that IL-17A-activated PI3K/AKT/mTOR signaling contributed to the inflammatory response of psoriasis partly by inhibiting autophagy in keratinocytes (Varshney and Saini, 2018). Rapamycin, a well-known mTOR inhibitor, alleviated psoriasis-like dermatitis by inducing autophagy (Kim et al., 2021). Our previous study revealed the therapeutic role of rapamycin in rosacea. We also revealed the induction of autophagy by rapamycin in rosacea-like dermatitis, implying that autophagy was a novel therapeutic target for rosacea.
In recent years, natural medicinal products and plant extracts have been highly sought after for therapeutic drugs with the advantages of cost effectiveness, high bioactivity, abundant content, and safety. EGCG, a natural polyphenol found in green tea, has been reported to have many biological activities, including anti-inflammatory, antioxidant, cardioprotective, neuroprotective, and anticancer activities (Nan et al., 2019; Huang et al., 2020; Yi et al., 2020). In this study, based on the mTOR signal and autophagy-related genes, EGCG was predicted as a candidate drug for rosacea. The in vivo and in vitro experiments showed that EGCG attenuated rosacea-like inflammation by inducing keratinocyte autophagy. Consistent with our results, EGCG was proven therapeutic to various diseases by inducing cytoprotective autophagy (Wu et al., 2021). Cytoplasmic LC3 puncta formation is the hallmark of autophagy (Schaaf et al., 2016); the blocking of autophagy flux and an increase in the autophagy level lead to increased LC3-II (Lamark et al., 2017). In the present study, it was observed that EGCG promoted the formation of autophagosomes and autophagolysosomes accompanied in a dose- and time-dependent manner. Subsequently, the target prediction and molecular docking showed that ATK1, MAPK1, and MMP9 were the potential targets of EGCG. ATK/MAPK pathways were reported as a regulator of autophagy (Yuan et al., 2022).
CONCLUSION
In summary, we demonstrated a contribution of impaired autophagy in rosacea pathogenesis and implied EGCG as an effective treatment strategy for rosacea, which attenuated rosacea-like inflammation via inducting autophagy in keratinocytes.
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Disease/Patient N' Mutation (HGVS name) First line IL1 inhibitor Second line IL1 inhibitor Third line IL1 inhibitor

Drug  Dosing group Medication stopped? Drug Dosing group  Medication stopped?  Drug  Dosing group
YN Reason Y/N Reason
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CAPS 5 R260W (p.Arg260Tip) CAN Int Y Adverse event (metabolic disorder)  CAN it ¥ Adverse event CAN it
{nervous system disorder)
CAPS 6 R260W (0. Arg260Tip) CAN  Std N
cAPS 7 T34BM (o.Th348Met) ANA - Std Y Scheduled switch from ANAto CAN  CAN  Std N
CAPS 8 R260W (p.Arg260Tip) CAN  Std N
cAPS 9 AS52V [p.Ala352Val) CAN  Std N
CAPS 10 R260W (p.Arg260Tip) CAN Int N
CAPS 11 R260W (p.Arg260Tip) ANA - Std ¥ Schedued swich flom ANAt0 CAN  CAN  Int N
CAPS 12 T34BM (o.Th348Met) CAN  Std N
CAPS 13 RBOW (p.Arg260Trp) CAN Int N
CAPS 14 T348M (o.Tr348Met) CAN Int N
CAPS 15 R260W (p.Arg260Tip) CAN Int N
CAPS 16 R260W (9. Arg260Tip) ANA - Sid Y Burden of injections AN s Y CAN s
Patient's choice
CAPS 17 R26OW (p.Arg260Tip) CAN  Std N
CAPS 18 R26OW (0 Arg2607) CAN  Std N
TRAPS 1 €295 (0.Cys565e1) ANA - Sid ¥ Scheduled switch fom ANA 1o CAN  CAN  Low N
TRAPS 2 CT0Y (p.Oys99Tyr) ANA - Low v CAN  Low N
Not effectve (on demand)
TRAPS 3 D42 (0 ASp71GU) ANA  Low N
TRAPS 4 Y20 (p.Thy49Cys) ANA  Low ¥ Scheduled switch fom ANAto CAN  CAN  Low N
TRAPS 5 T50M (0. Thr79Met) ANA - Low N
TRAPS 6 C43F (p.Cys72Phe) ANA Low N
TRAPS 7 D42E . ASp42GU) ANA  Low N
TRAPS 8 R92Q (p Arg121Gin) ANA - Std ¥ Not effective (on demand) CAN St ¥ not effective Other
FMF 1 16927264 (0.1e6920ei/p Val7264)  ANA  Std Y Adverse event (skin disorder) CAN  Low N
FMF 2 MBOAVIMBIAV (0. Mel694Valjo.MetE94Va)  ANA  Low ¥ Adverse event (hepalis) CAN Low N
FMF 3 MBOAV/MBOAV (0. Mel694Valjp.Met694Va) AN Low N
FME 4 MBOAVAT (p.Met694ValwT) ANA - Low ¥ Not effective CAN s N
FMF 5 MBOAV/MBIAV (0.Mel694Valjp Met694Va) ANA  Std ¥ Remission
FMF 6 MBOAVAT (p.Met694ValwT) ANA - Low N
FMF 7 MBI4VMOIA (p.Mel694Valp. Met694va) CAN  Low N
FVE 8 MBOAVIMBOAV (0.Met694ll/p. Met694le)  ANA  Low N
FMF 9 MBOAVANT (0.Met694ValwT) CAN  Low N
FMF 10 MBOAVAT (p.Met694ValWT) ANA - Low N
FMF 11 MBOAV/MBOAV (0.Met694Vallo.Met694Va) ANA  Std Y Burden of inections. CAN  Low ¥ Remission CAN  Low
FMF 12 MBOV/MBIAV (0. Met694Valjo.Met694Va) AN Low ¥ Adverse event (nfection)
FMF 13 MBOAUMEOA! (0. Mel69e/o.Met64le)  ANA  Std ¥ Not eflective Otrer
MKD 1 KI3Q/N20SD (pLys13GInp.Asn205450)  ANA  Std ¥ Remission CAN  Low N
MKD 2 D204ENBTTI (0 ASp204GiUp.Vals77ie)  ANA  Std Y Scheduied switch from ANAto CAN  CAN  Low N
MKD 3 1268TNB77 (916268 Thr/p.Val3771k) CAN  Low N
MKD 4 GB0US/RIBEX (p.GY309Sar/pArg388)  CAN  Low N
MKD 5 G31IRNGTTI (GY31IAGVad77l)  ANA  Std ¥ Scheduied switch from ANAto CAN  CAN  Std N
MKD 6 LS1FAT (o.Leu5 1Phe/ W) CAN Int N

Low = group 1: patient ocaiving lower than recommended dosage.

S1d = group 2: patient receiing standard dosage.
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Eicosanoid Receptor Subtype  G-protein coupled  Intracellular signaling

PGE, EPL Gy 1P, T Ca*

EP2 Gae AC activation, T cAMP, PKA activation

EP3 Gy or Gaz 1 Ca®, Rho activation

EP4 Gas AC activation, T cAMP, PKA activation
PGD, DPI Gas AC activation, T cAMP, PKA activation

DP2 (CRTH/DP2) Gai 1 cAMP, T Ca
PGFy, FP,, FPy Gag 1 1Py, T Ca

Garzns Rho activation
PGI, ® Gae AC activation, T cAMP, PKA activation
TxXA, TP, TP; Gy 1P, T Ca
Gaans Rho activation

LTB, BLT, Ga 1 Cat*
LTB,, 12-HHT, HETEs BLT, Gai Phosphorylation of MAPKs and PI3K/Akt, NF-kB activation
LTC,, LTD; CysLT, Gairo PLCP activation, T Ca®*, ERK phosphorylation

CysLT, [ PLCP activation, T IPy, T Ca®
EETs PPARy = NE-«B inhibition, STAT3 activation
12(S)-HETTE ® Gas AC activation, T cAMP, PKA activation
12(5)-HETE GPR31 G AC inhibition, Rap1 and p38 activation
20-HETE GPR75 [ IP,, T Ca™, activation of Rho kinase, NF-«B and MAPK/ERK pathway
11(S)-HpDPA,, 14(S)-HpDPA, . PPARa - PKC inhibition, | Ca**
RVEI BLT, ND Phosphorylation of S6

ERV1/ChemR23 ND Phosphorylation of Akt and 16
RDI, LXs ALX/EPR2, GPR32 ND ND
RvD2 GPRIS ND T cAMP, T CREB and STAT3 phosphorylation
RVDS GPR32 ND | Expression of NE-kB
MaR1 LGR6 ND 1 CREB and ERK phosphorylation, NF-«B inhibition
PDI/NPDI GPR37 ND TCa

Note: AC: adenylyl cyclase; Akt: protein kinase B; BLT: leukotriene B, receptor; cAMP: cyclic adenosine monophosphate; ALX/FPR2: formyl peptide receptor 2; ChemR23: chemokine-like
receptor 1; CREB: cAMP-response element binding protein; CRTH: chemoattractant receptor-homologous molecule; CysLT: cysteinyl leukotriene receptor; DP: prostaglandin D receptor;
EETS: epoxyeicosatrienoic acids; EP: E prostanoid receptor; ERK: extracellular signal-regulated kinase; ERVI: resolvin E1 receptor; FP: prostaglandin F receptor; GPRIS: G-protein coupled
receptor 18; GPR3I: G protein-coupled receptor 31; GPR32: G protein-coupled receptor 32; GPR37: G protein-coupled receptor 37; GPR75: G protein-coupled receptor 75; HETE:
hydroxyeicosatetraenoic; IP: prostacyclin receptor; IP inositol triphosphate; LGRS: leucine-rich repeat-containing G protein-coupled receptor 6; LTB;: leukotriene B,; LTCy: leukotriene
Cys LTD,: leukotriene D, LXs:lipoxins; MAPK: mitogen-activated protein kinase; MaR1: maresin 1; ND: non-determined in cells in the blood or the vessel; NF-xB: nuclear factor kappa B;
PDI/NPDI: protectin D1/neuroprotectin D1; PGD: prostaglandin Dy; PGE»: prostaglandin Ey; PGF.: prostaglandin Fa; PGI: prostaglandin I, or prostacyclin; PI3K: phosphatidylinositol
3-kinase; PKA: protein kinase A; PKC: protein kinase C; PLCB: phospholipase Cf; PPARa: peroxisome proliferator-activated receptor a; PPARy: peroxisome proliferator-activated receptor
¥ Rapl: Ras-related protein 1; Rho: Ras homologous; rS6: ribosomal protein $6; RvD1: resolvin D1; RvD2: resolvin D2; RvD5: resolvin D5; RvEL: resolvin E1; STAT3: signal transducer and
activator of transcription 3; TP: thromboxane receptor; TxA: thromboxane Ay; 12-HHT: 12-hydroxyheptadecatrienoic acid; 11(5)-HpDPA,.s: 11(S)-hydroperoxydocosapentaenoc acid;
12(5)-HETE: 12(5)-hydroxyeicosatrienoic acid; 12(S)-HETE: 12(5)-hydroxyeicosatetraenoic acid; 14(S)-HpDPA,, s: 14(S)-hydroperoxydocosapentaenoic acid; 20-HETE: 20-

T Y SR gy
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Gene symbol

CONG™0sei
CEACAM®
CHIBL1>!
CYP1ATabe0i
CYP1B1°>9!
DCHS2®
EDNRA®S©
EDNRB?:/
GNAO1®
HNF4A®
IGF22!

L2°

TGA4®
TGBe”
KCTD12%%4
KLK 129
LILRB4°!
MS4A2°!
NDUFS7°¢!
OR4C16*
OR4D2?
ORdF4°
OR6Y1®
OR8J1*
OR9G4*
PSGS5”
SLC16A2"
SLCOPBben
SYT6"
TCTNG>
TFAP2D?
TIMP 14!
UGT1A4ebE41
UGT1AG><!

Protein name

Cyclin C
Carcinoembryonic antigen-related cell adhesion molecule 3
Chitinase-3-like protein 1

Cytochrome P450 1A1

Cytochrome P450 1B1

Protocadherin-23

Endothelin-1 receptor

Endothelin receptor type B

Guanine nuceotide-binding protein G(o) subunt alpha
Hepatocyte nuclear factor 4-alpha

Insulin-like growth factor Il

Interleukin-2

Integrin alpha-4

Integrin beta-6

BTB/POZ domain-containing protein KCTD12

Kallirein-12

Leukocyte immunogiobuiin-like receptor subfamily B mermber 4
High affinity immunoglobuiin epsion receptor subunit beta

NADH dehydrogenase [ubiquinone] iron-sulfur protein 7, mitochondial

Olfactory receptor 4C16

Offactory receptor 4D2

Offactory receptor 4F4

Offactory receptor 6Y1

Offactory receptor 8J1

Offactory receptor 9G4
Pregnancy-specific beta-1-glycoprotein 5
Monocarboxylate transporter 8

Solute carrier organic anion transporter family member 281
Synaptotagmin-6

Tectonic-3

Transcription factor AP-2-delta
Metalloproteinase inhibitor 1
UDP-glucuronosyltransferase 1-4
UDP-glucuronosyltransferase 1-6

“Genes regulated in PXR mediated regulation_heart.
"Genes regulated in AR mediated regulation_heart
“Genes regulated in AR mediated reguiation_heart.
“Genes regulated in FXR mediated regulation_heart.
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