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Abstract


Background and aim: ANGPTL3 is a hepatokine acting as a negative regulator of lipoprotein lipase (LPL) through its N-terminal domain. Besides this activity, the C-terminal domain of ANGPTL3 interacts with integrin αVβ3. Since integrins are involved in inflammation and in the initiation of atherosclerotic plaque, the aim of our study was to evaluate the potential direct pro-inflammatory action of ANGPTL3 through the interaction of the fibrinogen-like domain and integrin αVβ3. Methods: We utilized cultured THP-1 human-derived macrophages and evaluated their pro-inflammatory phenotype in response to treatment with human recombinant ANGPTL3 (hANGPTL3). By Western blot, RT-qPCR, biochemical analysis, and ELISA assays, we determined the expression of genes and proteins involved in lipid metabolism and inflammatory response as well as intracellular cholesterol and triglyceride levels. In addition, we evaluated the effect of hANGPTL3 on the cellular cholesterol efflux process. Results: Incubation of THP-1-derived macrophages with 100 ng/mL of hANGPTL3 increased the mRNA expression of the pro-inflammatory cytokines IL-1β, IL-6, and TNFα (respectively, 1.87 ± 0.08-fold, 1.35 ± 0.11-fold, and 2.49 ± 0.43-fold vs. control). The secretion of TNFα, determined by an ELISA assay, was also induced by hANGPTL3 (1.98 ± 0.4-fold vs. control). The pro-inflammatory effect of hANGPTL3 was partially counteracted by co-treatment with the integrin αVβ3 inhibitor RGD peptide, reducing the mRNA levels of IL-1β (3.35 ± 0.35-fold vs. 2.54 ± 0.25-fold for hANGPTL3 vs. hANGPTL3 + RGD, respectively). Moreover, hANGPTL3 reduced cholesterol efflux to apoA-I, with a parallel increase in the intracellular triglyceride and cholesterol contents by 31.2 ± 2.8% and 20.0 ± 4.1%, respectively, compared to the control. Conclusions: ANGPTL3 is an important liver-derived regulator of plasma lipoprotein metabolism, and overall, our results add a new important pro-inflammatory activity of this circulating protein. This new function of ANGPTL3 could also be related to triglyceride and cholesterol accumulation into macrophages.
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1. Introduction


Dyslipidemia is a major risk factor for atherosclerosis and coronary artery disease (CAD). The first line of intervention for reducing low-density lipoprotein-cholesterol (LDL-C) is represented by the use of 3-hydroxy-3-methylglutaryl-coenzyme A inhibitors, statins, which are very effective at controlling individuals’ CAD risk. A further step forward for lipid-lowering therapies was the discovery of the Niemann-Pick C1-Like 1 (NPC1L1) inhibitor ezetimibe, utilized in combination with statins to reduce cholesterol absorption at the gastrointestinal level [1]. Finally, the ATP citrate lyase inhibitor bempedoic acid has recently been approved, showing a consistent capacity to reduce, by more than 20%, LDL-C levels and CAD risk [2]. However, the most effective therapies are represented by the inhibitors of proprotein convertase subtilisin/kexin type 9 (PCSK9), including the monoclonal antibodies evolocumab [3] and alirocumab [4] and the novel N-acetylgalactosamine (GalNAc) conjugated small-interfering ribonucleic acid (siRNA) inclisiran [5]. Nevertheless, the efficacy of all of these therapies relies on the upregulation of the LDL receptor, which is partially or totally ineffective in homozygous familial hypercholesterolemia (HoFH) patients. Within this clinical contest, the monoclonal antibody for angiopoietin-like 3 (ANGPTL3), evinacumab, has recently been approved [6]. ANGPTL3 is a member of a subfamily of angiopoietin-like proteins that are involved in the regulation of plasma lipid metabolism together with ANGPTL4 and ANGPTL8 [7,8]. ANGPTL3 is a secreted protein of 54 kDa mainly produced in the liver and can, therefore, be classified as a true hepatokine [7] (a weak expression has been observed in the kidneys, increasing upon injury [9]). The primary action of ANGPTL3 is to inhibit lipoprotein lipase (LPL), the enzyme responsible for the hydrolysis of circulating triglycerides in the capillaries of adipose and muscle tissue. LPL is expressed in a number of tissues, e.g., heart, skeletal muscle, spleen, mammary glands, lung, macrophages, as well as adipose tissue [7]. In addition, ANGPTL3 inhibits endothelial lipase (EL) and, thus, the hydrolysis of phospholipids in high-density lipoprotein (HDL), leading to reduced clearance of HDL particles and subsequently increased plasma HDL-cholesterol concentration [10]. ANGPTL3 inhibition increases the fractional catabolic rate of intermediate-density lipoprotein (IDL) and LDL. This finding supports the hypothesis that evinacumab primarily lowers LDL cholesterol by enhancing the clearance of apoB-containing lipoproteins from circulation [11].



ANGPTL3 contains an N-terminal signal peptide, an N-terminal coiled-coil domain, a linker region, and a C-terminal fibrinogen-like domain [12]. The analysis of the protein region important for regulation of lipid metabolism in ANGPTL3 has demonstrated that the N-terminal domain, and not the C-terminal fibrinogen-like domain, increased the plasma triglyceride levels in mice [13]. On the contrary, the C-terminal fibrinogen-like domain of ANGPTL3 was reported to be involved in angiogenesis via binding to integrin αVβ3 [14], a receptor also expressed in macrophages [15], with documented pro-inflammatory and pro-atherogenic activities [16]. Studies using experimental animal models demonstrated that the pharmacological inhibition of ANGPTL3 by evinacumab has a profound anti-atherosclerotic effect (−39% of atherosclerotic lesion size) in APOE*3Leiden. CETP mice [17]. Further, the role of ANGPTL3 on lipid homeostasis and CAD was observed in subjects carrying rare loss-of-function variants of ANGPTL3 [18,19]. Subjects heterozygous for ANGPTL3 loss-of-function variants had approximately 50% lower ANGPTL3 levels than noncarriers (50 ng/mL vs. 99 ng/mL). This effect was associated with a 39% lower risk of CAD [17]. From this evidence, it appears clear that ANGPTL3 is an important liver-derived regulator of lipoprotein metabolism that holds considerable promise as a target for atherosclerosis. However, little is known on the potential direct vascular effect of ANGPTL3 based on its capability to bind integrin αVβ3. In the context of the crosstalk between lipid metabolism and inflammatory responses [20], here, we explore the possible pro-inflammatory and cholesterol metabolism modulating effects of ANGPTL3 on THP-1-derived macrophages.




2. Materials and Methods


2.1. Reagents and Antibodies


RPMI medium was purchased from Merck. Streptomycin, penicillin, fetal calf serum (FCS), nonessential amino acid solution, and disposable culture petri dishes and flasks were purchased from Euroclone. Molecular weight protein standards were from Thermo Fisher Scientific, Monza, Italy. BCA assay for determination of protein concentrations was purchased from Thermo Scientific. Tumor necrosis factor-α (TNFα), lipopolysaccharide (LPS), phorbol-12-myristate-13-acetate (PMA), and RGD peptides were purchased from Merck. Human recombinant ANGPTL3 was from Vinci Biochem (BPS Biosciences, San Diego, CA, USA).




2.2. Cell Culture


THP-1 human monocyte cells were cultured in RPMI medium supplemented with pen/strept, NEAA, 10% FCS, and β-mercaptoethanol 0.05 mM. THP-1 monocytes were differentiated in macrophages with phorbol 12-myristate 13-acetate (PMA; 320 nM) for 72 h.




2.3. Quantitative Real-Time PCR (qRT-PCR) Assay


Total mRNA was extracted by using iScript Sample Preparation Reagent (BIO-RAD laboratories, Milan, Italy) following the manufacturer’s instructions. iScript cDNA synthesis Kit (BIO-RAD laboratories) was used for first-strand cDNA synthesis. Thermo Sybr Green/ROX qPCR Master Mix (Carlo Erba Reagents S.r.l., Milan, Italy)), with specific primers of the genes of interest, was used for qRT-PCR analysis. The reactions were performed with the CFX96 Touch Real-Time PCR System (BIO-RAD). Data were expressed as Ct values, and the relative quantification was calculated with ΔΔCt.




2.4. Western Blot Analysis


Total protein for cell monolayers was prepared with lysis buffer containing 50 mM Tris pH 7.5, 150 mM NaCl, and 0.5% Nonidet-P40, protease and phosphatase inhibitor cocktails (Merck) for 30 min on ice. Protein samples (20 µg) and a molecular mass marker (Thermo Scientific) were separated using 4–12% gradient SDS-PAGE (BIO-RAD). The samples were then transferred to a nitrocellulose membrane using the Trans-Blot® TurboSystem (BIO-RAD laboratories, Milan, Italy). The membranes were blocked in Tris buffered saline with Tween 20 (TBS.T) containing 5% nonfat dried milk for 60 min at room temperature (RT), and blots were incubated overnight at 4 °C with the following primary antibodies: anti-ANGPTL3 (GeneTex, Milan, Italy; cod GTX104569; dilution 1:1000), anti-ANGPTL4 (Abnova, Milan, Italy; cod. H00051129-M02; dilution 1:1000), anti-CD36 (GeneTex, Milan, Italy; cod. GTX100642; rabbit polyclonal dilution 1:1000), anti-integrin αVβ3 (GeneTex, Milan, Italy; cod. GTX01084; dilution 1:500), and anti-GAPDH (GeneTex, Milan, Italy; cod. GTX100118; rabbit polyclonal, dilution 1:3000). Anti-rabbit secondary antibody was from Jackson ImmunoResearch, Milan, Italy (cod. 113-036-045, dilution 1:5000). The membranes were then washed with TBS-T and incubated for 90 min at RT to TBS-T with 5% nonfat dried milk containing the secondary antibodies (peroxidase-conjugate goat anti-rabbit and anti-mouse, Jackson Immuno Research). Immunoreactive bands were detected with Clarity Western Enhanced Chemiluminescence (ECL) chemiluminescent substrates (BIO-RAD) for 5 min, and luminescence signals were acquired with Uvitec Alliance Q9 (Uvitec, Cambridge, UK).



When used, mild stripping buffer was prepared according to Abcam’s recipe (membrane stripping for Western blot, Abcam, Milan, Italy): 15 g glycine, 1 g SDS, and 10 mL Tween 20 were dissolved in 800 mL of distilled water, and the pH was adjusted to 2.2. Upon reaching the desired pH, the volume was brought up to 1 L with distilled water. The stripping procedure was retrieved from the Abcam website as well: the membranes were incubated 2 times with an appropriate amount of stripping buffer, 10 min each; then washed 2 times with an appropriate amount of PBS, 10 min each; and finally washed 2 times with an appropriate amount of TBS-T, 5 min each. All the steps were performed at room temperature with constant agitation.




2.5. ELISA Assay for TNFα


To detect the secreted amount of TNFα, the Human TNF-alpha ELISA Kit (Quantikine R&D, Milan, Italy; cod. DTA00D) was used according to the manufacturer’s instructions. Cells were seeded in 6-well plates (200.000 cells/well) in RPMI10% FBS, and 24 h later, the treatments were performed. After 48 h, the supernatant was collected, centrifuged at 15,000 rpm for 10 min, and diluted according to the manufacturer’s instructions. Absorbance at 450 nm was obtained with a VICTOR Nivo Multimode Microplate Reader (PerkinElmer).




2.6. Immunocytochemistry


THP-1 cells were seeded in 24-well plates with sterile coverslips and differentiated into macrophages using 320 nM PMA for 72 h; then, after 24 h of washout, the selected treatment was performed. Each experiment included a control to define autofluorescence and a negative control for each antibody used. Cells were fixed with PFA 4% for 20 min, then washed three times with PBS, and incubated with 50 mM ammonium chloride, after which the cells were washed again three times with 1X PBS.



When needed, permeabilization was performed by adding 0.5 mL of 0.1% Triton X-100 in PBS to each well and incubating for 15 min prior to rinsing with PBS. BSA was used as the blocking agent for 1 h at room temperature. Following the blocking procedure, antibody incubation for 90 min at room temperature was performed. The primary antibodies used were anti-DDDDK (GeneTex, Milan, Italy; polyclonal, rabbit, GTX115043 1:1000 dilution) and snti-Integrin αVβ3 (GeneTex, Milan, Italy; polyclonal, rabbit, GTX01084 1:500 dilution). Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody, Alexa Fluor 488 (Thermo Fisher Scientific, Monza, Italy, polyclonal, goat, 1:500 dilution) and Goat anti-Rabbit IgG (H + L) Cross-Adsorbed Secondary Antibody, Pacific Blue (Thermo Fisher, polyclonal, goat, 1:500 dilution) were used as secondary antibodies and incubated for 90 min at room temperature. DAPI solution 1 µg/mL in BSA was used to stain nuclei. Coverslips were dried and mounted on a slide with a drop of mounting solution (Fluormount Aqueous Mounting, Merck Life Science S.r.l. Milan, Italy). After at least 45 min, the perimeter was sealed with a small amount of clear nail polish. The coverslips were stored in a suitable container in the dark at 4 °C. Final images were acquired using the Zeiss LSM 800 inverted laser scanning confocal microscope equipped with PMT detectors. The 488 nm laser was used for Alexa Fluor, and the 405 nm laser was used for DAPI. The software used for image acquisition was Zen 2.3 Blue Edition. Images were captured using a 63X oil immersion objective with a numerical aperture of 1.4. Intensity comparisons between images were performed using Fiji-ImageJ software (version 21.0.7).




2.7. Cholesterol Efflux


THP-1 cells were seeded in 24-well plates and differentiated in macrophages using 320 nM PMA for 72 h. Fully differentiated human THP-1 macrophages were radiolabeled with 2 μCi/mL of 1,2-3H-cholesterol (PerkinElmer, Waltham, MA, USA) in RPMI supplemented with 2.5% FCS in the presence or absence of ANGPTL3 100–300 ng/mL for 24 h. Then, the cells were treated for 18 h with RPMI + 0.2% w/v bovine serum albumin (BSA, SMerck, Darmstadt, Germany) in the presence or absence of LXR/RXR agonists, 22 (R) hydroxycholesterol (22-OH) at 5 µg/mL and 9-cis retinoic acid (9cRA) at 10 µM (both from Merck, Darmstadt, Germany), and 25 μg/mL of acetylated-LDL again in presence/absence of hANGPTL3 100–300 ng/mL. All the above treatments were performed in the presence of 2 µg/mL of acetyl-coenzyme A: cholesterol acyltransferase (ACAT) inhibitor (Sandoz 58035; Merck, Darmstadt, Germany) to maintain cholesterol in its unesterified form. Cholesterol efflux was promoted for 4 h to human apolipoprotein A-I (apoA-I) (Merck, Darmstadt, Germany) in RPMI 1640. The amount of radioactive 1,2-3H-cholesterol in each sample was evaluated using the Liquid Scintillation Counter TRI-CARB 4810TR (Perkin Elmer, Waltham, MA, USA). Cholesterol efflux was expressed as the percentage of 1,2-3H-cholesterol released in the culture medium over the total intracellular radioactivity, and data are representative of at least three independent experiments.




2.8. Triglycerides and Cholesterol Determination


Total macrophage cholesterol and triglycerides were quantified using ABX PENTRA Cholesterol CP and Triglycerides CP, respectively (Horiba, Rome, Italy; Ref. A11A01634 and A11A01640), after Folch’s lipid extraction following the manufacturer’s instructions. The total amounts were normalized by protein contents determined by the Bicinchoninic Acid (BCA) assay (Thermo Fisher Scientific, Monza, Italy).




2.9. Statistical Analysis


Statistical analysis was performed using the Prism statistical analysis package, version 5.01 (GraphPad Prism 10 Software). Data were given as mean ± SD of three independent experiments. When possible, p-values were determined by Student’s t-test. Otherwise, differences between treatment groups were evaluated by one-way ANOVA. A probability value of p < 0.05 was considered statistically significant.





3. Results


3.1. THP-1-Derived Macrophages Do Not Express but Interact with ANGPTL3


To investigate the pro-inflammatory role of ANGPTL3 on macrophages, we first performed a series of analyses in order to characterize the THP-1 cell line. We determined, by Western blot analysis, the expression of ANGPTL3, ANGPTL4, LPL, αVβ3 integrin, and CD36 protein in THP-1 monocytes and THP-1-derived macrophages in the presence or absence of LPS as inflammatory stimuli. As a positive control for the presence of ANGPTL3, a Huh7 human hepatoma cell line was also considered in this analysis. ANGPTL3 was not expressed by THP-1-derived macrophages, while a positive band at the predicted molecular weight of 54 kDa was detected from total protein extracts of THP-1 monocytes and HuH7 cells (Figure 1A). ANGPTL4 and LPL were expressed in all three cell lines, although macrophages seemed to express significantly higher levels of LPL. As predicted, the scavenger receptor CD36 is exclusively expressed by macrophages [21]. The relative expression of ANGPTL3 between the three cell types was also confirmed by real-time PCR, showing the highest levels in THP-1 cells (monocyte) and the lowest in macrophages (Figure 1B). Interestingly, LPS stimulation seems to partially reduce the transcription of ANGPTL3 (Figure 1B).



We next decided to investigate the possible interaction between hANGPTL3 FLAG tag to macrophages and its potential intracellular localization. To this aim, we incubated THP-1-derived macrophages with physiological levels of ANGPTL3 (100 ng/mL) [22] and detected its localization with a specific anti-FLAG tag antibody with and without cell permeabilization. Interestingly, we found a positive signal from the cell surface of macrophages and, more importantly, at the intracellular level (Figure 2A), indicating that ANGPTL3 could interact with THP-1-derived macrophages and potentially be uptaken by the integrin αvβ3. Indeed, we observed a positive expression of integrin αvβ3 either in the presence or absence of ANGPTL3 (Figure 2B). The interaction and internalization of hANGPTL3 by THP-1-derived macrophages were confirmed by Western blot analysis (Figure 2C). Indeed, we detected an increased signal with antibody anti-ANGPTL3 of total protein extracts of THP-1 macrophages incubated for 24 h with 100–300 ng/mL of hANGPTL3. Based on these results, we decided to conduct all our experiments on THP-1-derived macrophages.




3.2. ANGPTL3 Shows Pro-Inflammatory Properties in THP-1-Derived Macrophages


To evaluate the potential pro-inflammatory properties of ANGPTL3, we performed a series of real-time quantitative PCR analyses on total RNA of THP-1-derived macrophages exposed for 24 h to 300 ng/mL hANGPTL3 and, as the positive control, to 10 ng/mL of TNFα. As expected, TNFα significantly induced the pro-inflammatory cytokines IL-1β and IL-6 (Figure 3A,B). Similarly, although less efficiently for IL1β, hANGPTL3 increased the mRNA expression of IL-1β, IL-6, and TNFα by 1.87 ± 0.08-fold, 1.35 ± 0.11-fold, and 2.49 ± 0.43-fold, respectively, vs. basal conditions (Figure 3A–C). To confirm these data, we determined, by an ELISA assay, the amount of secreted TNFα in the conditioned media. Incubation with 100 ng/mL of hANGPTL3 determined a 1.98 ± 0.4-fold increase in secreted TNFα vs. basal condition, confirming the pro-inflammatory properties of this hepatokine (Figure 3D).



Considering the molecular structure of ANGPTL3, we hypothesized that the observed pro-inflammatory effect could be mediated by its interaction with the fibrinogen-like domain to αvβ3 integrin. RGD peptide has been shown to block this integrin in smooth muscle cells [23]. As shown in Figure 3E, the incubation of THP-1-derived macrophages with RGD peptide partially counteracted the induction of IL-1β mRNA levels by hANGPTL3 (3.35 ± 0.35-fold vs. 2.54 ± 0.25-fold for hANGPTL3 vs. hANGPTL3 + RGD, respectively). These results indicate a possible integrin-mediated mechanism for the ANGPTL3 pro-inflammatory effect.




3.3. hANGPTL3 Induces Cholesterol Accumulation and Reduces Cholesterol Efflux in THP-1-Derived Macrophages


Cholesterol accumulation in macrophages leads to the formation of the so called “foam cells” implicated in the early phases of the inflammatory response occurring in atherogenesis. We thus decided to investigate the effect of hANGPTL3 on triglycerides (TG) and cholesterol content of THP-1-derived macrophages. Cells were cultured in medium with 10% FCS containing exogenous lipoproteins for 24 h in the presence or absence of 100 ng/mL of hANGPTL3. The quantification of TG and cholesterol from total lipid extraction revealed a significant increase in TG (31.2 ± 2.8% vs. basal, Figure 4A) and cholesterol (19.6 ± 4.1% vs. basal, Figure 4B), an effect that may be implicated in the pro-inflammatory response induced by this hepatokine.



Considering the effect on intracellular lipid content, we also determined the possible influence of hANGPTL3 on cholesterol efflux. To explore the potential effect of hANGPTL3 on ABCA1-mediated cholesterol efflux, we used THP-1-derived-macrophages stimulated with the nuclear receptor LXR/RXR ligands 22-OH and 9cRA and acetylated LDL (acLDL) in order to upregulate ABCA1 expression and promote efflux to apolipoprotein A-I (apoA-I), the specific cholesterol acceptor for the ABCA1 transporter. As expected, treatment with LXR/RXR agonists resulted in an increase of about 3.2-fold of cholesterol efflux to apoA-I (Figure 4C). Co-incubation of cells with hANGPTL3 inhibited this effect in a concentration-dependent manner, reaching the maximal inhibitory effect of 55% with 300 ng/mL of hANGPTL3 (Figure 4C).





4. Discussion


In the present work, we investigated the potential biological effect of the hepatokine ANGPTL3 on macrophages utilizing human recombinant protein containing the fibrinogen-like domain and THP-1-derived macrophages. Our in vitro findings indicated that ANGPTL3 is internalized by macrophages, where it induces lipid accumulation and activates a pro-inflammatory effect by inducing the transcription of IL-1β, IL-6, and TNFα and by increasing the cell production of TNFα. Additionally, the pro-inflammatory effect is partially dampened by the αvβ3 integrin inhibitor RGD peptide, thus suggesting the involvement of the fibrinogen-like domain of ANGPTL3. Macrophages can express αvβ3 integrin in the atherosclerosis plaque [15,24], thus suggesting that ANGPTL3 could be part of the pro-inflammatory milieu promoting the development of the pathology. This hypothesis is also supported by recent experimental evidence that demonstrated the co-localization of ANGPTL3 and the macrophage marker CD68 in the atherosclerotic plaque of apoE null mice [25]. The same authors found that the absence of ANGPTL3 reduced atherosclerotic plaque development in apoE null mice of 25 weeks of age [25]. However, the protective action of the absence of ANGPTL3 was associated with reduced lipid parameters, an effect that may have had an impact on atherosclerotic plaque development. Nevertheless, the in vitro incubation of THP-1 macrophages with the ANGPTL3 fibrinogen-like domain induced a series of pro-inflammatory cytokines, including TNFα and IL-1β [25]. By using different approaches, both studies observed that αvβ3 integrin is implicated in the pro-inflammatory effect of ANGPTL3.



The role of the fibrinogen-like domain of ANGPTL3 goes potentially beyond the pro-inflammatory response in macrophages; indeed, the same portion of the protein was shown to regulate endothelial migration and neo-angiogenesis again through the activation of the αvβ3 integrin [14]. In the context of the crosstalk between lipid metabolism and inflammatory responses, pro-inflammatory signaling can deeply affect lipid metabolism, and on the other hand, an altered lipid metabolism is often associated with an abnormal immune response [20]. Macrophage cholesterol homeostasis is the result of the balance of various processes, among which are cholesterol uptake from plasma lipoproteins and cholesterol efflux to extracellular acceptors, such as HDL or apoA-I. Cholesterol uptake from native LDL is mediated by the LDL receptor (LDLr), whose expression on the cell membrane is strictly regulated by the intracellular cholesterol content. On the contrary, oxidized LDLs are internalized through the scavenger receptors, which mediate uncontrolled intracellular cholesterol uptake. Cholesterol efflux is the first step of reverse cholesterol transport, the anti-atherogenic process that removes excess cholesterol from the periphery and transports it to the liver for elimination. It occurs through aqueous diffusion and active membrane transporters and is dependent on the activity of extracellular cholesterol acceptors [26]. Our study adds a third direct cellular effect of ANGPTL3 by demonstrating that accumulation of TG and cholesterol occurs in parallel to a significant dose-dependent inhibition of ABCA1-mediated cholesterol efflux, effects that may drive cholesterol accumulation and subsequent induction of pro-inflammatory cytokines. Indeed, cholesterol accumulation in macrophages induces inflammation by stimulating the caspase-1-activating NLRP3 inflammasome, which results in cleavage and secretion of IL-1 family cytokines [18]. The ANGPTL3-induced inhibition of cholesterol efflux might be related to a possible increase in cholesterol esterification, the process by which cells protect themselves from toxic levels of free cholesterol, thus reducing the pool of free cholesterol that is available for efflux. A possible impact of ANGPTL3 on the esterifying enzyme acyl-coenzyme A cholesterol acyltransferase (ACAT) can be hypothesized, as we previously reported that silencing of ANGPTL3 by siRNA reduced cell cholesterol esterification [27]. Previous work from our group showed that proprotein convertase subtilisin/kexin type 9 (PCSK9) reduces cholesterol efflux by inhibiting ABCA1 expression [28]. We cannot exclude a direct impact of ANGPTL3 on this process; however, we have not explored this possibility but limited our attention to a functional assay, considering this phenomenon more important and with potential clinical implications. For instance, we know that, by blocking PCSK9 with monoclonal antibodies, evolocumab and alirocumab strongly reduced LDL cholesterol levels and the intraplaque inflammation and lipid core [29,30]. The effect on atherosclerotic plaque composition of the monoclonal antibody anti-ANGPTL3, evinacumab, has also been reported in patients with homozygous familial hypercholesterolemia [31,32], suggesting a potential direct vascular effect. The intracellular lipid accumulation induced by ANGPTL3 could be likely related to the inhibition of cholesteryl esters and TG hydrolysis by lipases. To date, ANGPTL3 has been shown to inhibit both LPL and EL, enzymes whose intracellular activities have never been demonstrated. On the contrary, lysosomal acid lipase is known to be involved in intracellular lipid hydrolysis, although the inhibitory effect of ANGPTL3 on this enzyme has never been explored and deserves further investigation [33].




5. Conclusions


In conclusion, in the present study, we provide in vitro evidence of the direct pro-inflammatory activity of ANGPTL3 on macrophages associated with a significant accumulation of cholesterol and TG; both effects may contribute to a pro-atherogenic effect of this hepatokine, whose pharmacological inhibition could determine a significant CV protection.
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The following abbreviations are used in this manuscript:



	ANGPTL3
	Angiopoietin-like 3



	acLDL
	Acetylated LDL



	apoA-I
	Apolipoprotein A-I



	BSA
	Bovine serum albumin



	CAD
	Coronary artery disease



	EL
	Endothelial lipase



	FCS
	Fetal calf serum



	HDL
	High-density lipoprotein



	ICC
	Immune cytochemistry



	LDL
	Low-density lipoprotein



	LDLr
	LDL receptor



	LPL
	Lipoprotein lipase



	LPS
	Lipopolysaccharide



	PMA
	Phorbol-12-myristate-13-acetate



	TNFα
	Tumor necrosis factor-α



	22-OH
	Hydroxycholesterol



	9cRA
	9-cis retinoic acid
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Figure 1. THP-1-derived macrophages do not express ANGPTL3. (panel (A) THP-1 cells were seeded in 6-well trays (2.9 × 106 cells in 3 mL/well of RPMI) in the presence of 10% FCS and 320 nM PMA. After 72 h, Huh7 and THP-1 cells were seeded (5.0 × 105 Huh7 cells in 3 mL/well of MEM and 9 × 106 cells in 3 mL/well of RPMI) 10% FCS) in the presence of 10% FCS, and the medium of PMA-treated THP-1 was replaced with fresh RPMI. After 24 h, cells were treated with LPS 100 ng/mL. To determine protein levels, Western blot analysis, with indicated primary antibodies, was performed after 24 h of incubation with LPS. Antibody anti-GAPDH was utilized as the loading control. (panel (B)) To determine mRNA levels, RT-qPCR was performed after 24 h of incubation with LPS on total RNA samples. The symbols – and + indicate the absence or presence of LPS, respectively. Data are presented as mean ± SD of three different experiments. * p < 0.05, *** p < 0.001 vs. Huh7, ** p < 0.05 vs. THP-1. 
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Figure 2. Exogenous ANGPTL3 is internalized by THP-1-derived macrophages. THP-1 cells were seeded in 24-well trays (106 cells/well in 1.5 mL/well of RPMI) in the presence of 10% FCS and 320 nM PMA to differentiate into macrophages. After 72 h, the medium was replaced with fresh RPMI with 0.5% bovine serum albumin (BSA). The day after the cells were treated with hANGPTL3 100 ng/mL for 24 h, immune cytochemistry (ICC) was performed with antibody anti-FLAG recognizing the exogenous ANGPTL3 (panel (A)) and anti-αvβ3 antibody (panel (B)), with and without cell permeabilization. DAPI was used to stain cell nuclei. (panel (C)) Western blot analysis with antibody anti-ANGPTL3 of total protein extracts of THP-1-derived macrophages incubated with hANGPTL3 for 24 h at indicated concentrations. Antibody anti-GAPDH was utilized as the loading control. Blue: DAPI. Green: Alexa Fluor 488 anti-FLAG-tag ANGPTL3 antibody (anti-DDDDK antibody). Orange: Pacific Blue anti integrin αvβ3 antibody. The symbols – indicates the absence of hANGPTL3. 
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Figure 3. ANGPTL3 produces an inflammatory response in THP-1-derived macrophages. (panels (A–E)) THP-1 cells were seeded in 48-well trays (2.5 × 105 in 300µL/well of RPMI) in the presence of 10% FCS and 0.32 µM 320 nM PMA to differentiate into macrophages. After 72 h, the medium was replaced with fresh RPMI with 0.5% BSA. The day after, the cells were stimulated with TNFα 10 ng/mL or hANGPTL3 100 ng/mL (panels (A–C)) or with hANGPTL3 100 ng/mL in the presence or absence of RGD peptide (panel (E)) for 24 h. The mRNA levels were then determined by RT-qPCR. (panel (D)) THP-1 cells were seeded in 6-well plates (2.9 × 106 cells/well in 2 mL of RPMI) in the presence of 10% FCS and 320 nM PMA to differentiate into macrophages. After 72 h, the medium was replaced with fresh RPMI with 0.5% BSA. The day after, the cells were treated with hANGPTL3 100 ng/mL for 24 h, and TNFα levels were determined by a commercially available ELISA kit. Data are presented as mean ± SD of three different experiments. * p < 0.05, ** p < 0.01, *** p < 0.001 vs. basal, # p < 0.05 vs. hANGPTL3. 
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Figure 4. ANGPTL3 induces lipid accumulation and reduces cholesterol efflux in THP-1-derived macrophages. (panel (A,B)) THP-1 cells were seeded in 6-well plates (2.9 × 106 cells/well in 2 mL of RPMI) in the presence of 10% FCS and 320 nMPMA to differentiate into macrophages. After 72 h, the medium was replaced with fresh RPMI with 0.5% BSA. The day after, the cells were treated with hANGPTL3 100 ng/mL for 24 h, and triglyceride and cholesterol contents were determined after Folch’s lipid extraction with a commercially available kit. (panel (C)) Fully differentiated human THP-1 macrophages were radiolabeled for 24 h with 2 μCi/mL of 1,2-3H-cholesterol in RPMI + 2.5% FCS in the presence or absence of hANGPTL3 100–300 ng/mL. Then, the cells were treated for 18 h with a solution of RPMI supplemented with 0.2% w/v BSA in the presence or absence of LXR/RXR agonists, 22-OH 5 µg/mL and 9cRA 10 µM, and 25 μg/mL of acLDL in the presence/absence of hANGPTL3 100–300 ng/mL. Efflux was promoted for 4 h to apoA-I and expressed as the percentage of 1,2-3H-cholesterol released in the culture medium over the total radiolabeled intracellular cholesterol. Data are presented as mean ± SD of three independent experiments: ** p < 0.01, *** p < 0.001 vs. basal. 
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