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Cardiac immune cell infiltration associates with abnormal lipid metabolism
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CD36 mediates the uptake of long-chain fatty acids (FAs), a major energy substrate for the myocardium. Under excessive FA supply, CD36 can cause cardiac lipid accumulation and inflammation while its deletion reduces heart FA uptake and lipid content and increases glucose utilization. As a result, CD36 was proposed as a therapeutic target for obesity-associated heart disease. However, more recent reports have shown that CD36 deficiency suppresses myocardial flexibility in fuel preference between glucose and FAs, impairing tissue energy balance, while CD36 absence in tissue macrophages reduces efferocytosis and myocardial repair after injury. In line with the latter homeostatic functions, we had previously reported that CD36–/– mice have chronic subclinical inflammation. Lipids are important for the maintenance of tissue homeostasis and there is limited information on heart lipid metabolism in CD36 deficiency. Here, we document in the hearts of unchallenged CD36–/– mice abnormalities in the metabolism of triglycerides, plasmalogens, cardiolipins, acylcarnitines, and arachidonic acid, and the altered remodeling of these lipids in response to an overnight fast. The hearts were examined for evidence of inflammation by monitoring the presence of neutrophils and pro-inflammatory monocytes/macrophages using the respective positron emission tomography (PET) tracers, 64Cu-AMD3100 and 68Ga-DOTA-ECL1i. We detected significant immune cell infiltration in unchallenged CD36–/– hearts as compared with controls and immune infiltration was also observed in hearts of mice with cardiomyocyte-specific CD36 deficiency. Together, the data show that the CD36–/– heart is in a non-homeostatic state that could compromise its stress response. Non-invasive immune cell monitoring in humans with partial or total CD36 deficiency could help evaluate the risk of impaired heart remodeling and disease.
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Introduction

Myocardial energy metabolism is a highly dynamic process important for tissue health and optimal cardiac function. Long-chain fatty acids (FAs) are a major metabolic substrate of myocardial tissue. Rates of tissue FA uptake are dependent on the FA transporter CD36 (1, 2) and its vesicular recycling between endosomes and the sarcolemma (3). CD36 deficiency reduces heart FA uptake and prevents the fasting-induced metabolic remodeling by the myocardium from glucose utilization to more reliance on FAs; following an overnight fast, mice with global Cd36 deletion (CD36–/–) displayed atrioventricular block and bradycardia, and increased incidence of sudden death (4). Suppressed or absent myocardial FA uptake has been reported in people with CD36 gene variants that reduce protein levels (5–7). In addition, relatively common single nucleotide polymorphisms (SNPs) in the CD36 gene have been associated with cardiac function and with increased susceptibility to cardiovascular disease, as reviewed elsewhere (8). Despite the above findings, how CD36 deficiency impacts heart lipid metabolism and its ability for adaptive remodeling remains unexplored.

The heart is a continuously working organ that adapts to various stresses and its ability to cope and recover is integral to maintaining its health and function. In addition to metabolic remodeling, myocardial recovery relies on the sequential mobilization of immune cells (i.e., neutrophils, monocytes, and macrophages) that serve diverse roles in the reparative process (9, 10), including removal of dead cells and renewal of extracellular matrix (11). Immune cell recruitment in the heart is orchestrated by chemokines interacting with corresponding receptors on leukocytes, mediating their activation and extravasation into the injured area (12–14). Of these chemokine receptors, C-C chemokine receptor type 2 (CCR2), expressed on monocytes and macrophages (15), plays an important role in regulating the phenotype and function of cell types involved in myocardial remodeling, while C-X-C motif chemokine receptor 4 (CXCR4), highly expressed on neutrophils (16), regulates phenotype and function of all cell types involved in tissue healing, making it an important target for both imaging and therapy (17–19). Mice with myeloid CD36 deficiency present defective heart remodeling and repair following injury (20, 21); however, there is no information on whether CD36 deficiency causes immune cell infiltration in unchallenged hearts, as we previously reported in the intestine of CD36–/– mice (22). Such information would be important for evaluating cardiac ability for optimal recovery from injury and potential risk of disease. CD36 deficiency is relatively common in certain populations (3–10%) and CD36 SNPs that reduce CD36 levels result in dyslipidemia and increase the risk of type 2 diabetes (23, 24).

In this study, we profiled lipid metabolism in the hearts of fed and overnight-fasted mice. Our data identified significant changes in the content of plasmalogens, cardiolipins, and eicosanoids suggesting that CD36-mediated FA delivery is important for maintaining the normal heart lipid profile during the adaptation to fasting. Unbiased global assessment of gene expression by microarray analysis in hearts from CD36–/– mice, as compared to WT, identified upregulation of pathways regulating both innate and adaptive immunity. To gain insight into the dynamic expression and spatial localization of immune cells in unchallenged CD36–/– mice heart, we employed a novel positron emission tomography (PET) imaging approach to non-invasively image neutrophils and pro-inflammatory monocytes/macrophages, using validated tracers 64Cu-AMD3100 for CXCR4 and 68Ga-DOTA-ECL1i for CCR2 (25, 26). We show that the hearts of unchallenged CD36–/– mice have increased pro-inflammatory immune infiltration as compared to controls. The presence of inflammation in hearts with CD36 deletion specific to cardiomyocytes supported the interpretation that a healthy heart lipid profile is needed to prevent inflammation.



Materials and methods


Mice

Mice were bred and maintained at the Washington University School of Medicine and all experimental procedures followed the guidelines of the animal use oversight committee. The studies used cohorts of male and female C57Bl6 wild-type (WT) and CD36-null (CD36–/–) mice that were age-matched (12–14 weeks), unless indicated otherwise. Myocardial CD36 deficiency (MHC-CD36–/–) was obtained by crossing CD36 floxed (Fl/Fl) mice with mice expressing the myosin heavy chain alpha (MHC) Cre as previously described (27). Mice housed in a 12-h light-dark facility were fed chow ad libitum (Purina) or 12 h fasted. Genotypes were confirmed by PCR and immunohistochemistry.



Lipid analysis

Lipids were extracted and analyzed by mass spectrometry. In brief, hearts from mice killed by carbon dioxide inhalation were rapidly removed, rinsed with ice-cold PBS, freeze-clamped, and pulverized at liquid nitrogen temperature. The tissue was homogenized in LiCl solution (50 mM) using a Potter-Elvehjem tissue grinder. Methanol and chloroform, as well as internal standards for major lipids, were added and the lipids extracted. Multidimensional shotgun lipidomic analysis of extracted lipids used a Thermo Electron TSQ Quantum Ultra spectrometer (San Jose, CA) equipped with an electrospray ion source, and individual molecular species were identified and quantified by 2D mass spectrometry (28–30).



Metabolite assays

ATP was extracted from hearts (31) and quantified using mass spectrometry (32). Analysis of carnitine and acylcarnitines was performed as described (33). Around 20 mg of heart tissue was lyophilized for 12 h after the addition of a set of deuterium-labeled carnitine and acylcarnitine standards (Cambridge Isotope Laboratories, Andover, MA). The lyophilized tissue was grounded to powder using an Eppendorf micropestle and dissolved in 1 mL of 8:2 (v/v) acetonitrile/water. After sonification and centrifugation, the supernatants were dried and derivatized (33). Carnitine and acylcarnitines were analyzed as their butyl esters by precursor ion scanning of m/z 85 utilizing a TSQ Quantum Ultra Plus triple-quadrupole mass spectrometer (Thermo Fisher Scientific, San Jose, CA). Protein content was measured (Bradford assay, Bio-Rad) with BSA as standard.



Mitochondria isolation and functional studies

The heart was minced, added to the buffer (10 mM HEPES, 250 mM sucrose, 1mM EGTA, pH 7.0), and homogenized using a Dounce grinder. Heart mitochondria were isolated by differential centrifugation. After centrifugation (500 × g, 2 min) to remove tissue debris, the supernatant was centrifuged at 10,000 xg (10 min) to pellet mitochondria, which were washed once and resuspended at 20 ∼ 30 mg/mL protein at 4°C (0.1 M KCl, 0.05 M Tris-HCl, 2 mM EGTA, pH 7.4). Mitochondrial FA oxidation was measured by monitoring either CO2 or water release using [14C]-palmitate as substrate. In brief, mitochondria (0.5 mg protein/mL) were incubated with 100 μM FA complexed to BSA (FA:BSA = 1.7) in respiration buffer (120 mM KCl, 5 mM KH2PO4, 3 mM HEPES, 3 mM MgCl2, 1 mM EGTA, 5 mM ATP 1mM NAD, 0.5 mM Carnitine, 0.1 mM Coenzyme A, 5 mM Malate, pH 7.2) aerated with 95% O2 and 5% CO2. The reaction was terminated by adding hydrochloric acid and radiolabeled products were quantified. Oxygen consumption was measured polarographically using a dual channel Instech Dissolved O2 Measuring system. Mitochondria were placed in the electrode chamber in 150 mM KCl, 1 mM EGTA, 5 mM DTT, pH 7.0 at 20°C and the O2 consumed was measured for 5 min with no additives and with 5 mM malate added. ADP was added to determine the substrate-supported O2 consumption and the ability to generate ATP.



Gene expression analysis

Gene expression was analyzed by microarray as previously described (4) or by RNA-Seq (27) as indicated. In brief, total RNA was isolated from tissues using Trizol (Invitrogen, Carlsbad, CA). In brief, flash frozen hearts were homogenized in Trizol and chloroform was added (0.2 mL/mL Trizol) followed by centrifugation. The supernatant was removed, an equal volume of isopropanol was added, and the samples were centrifuged again to pellet the RNA, which was washed in 75% ethanol, dried, and resuspended in UltraPure Distilled Water (GIBCO, Carlsbad, CA). Microarray analyses were performed using the Whole Mouse Genome Oligo Microarray Kit (Agilent Technologies, Santa Clara, CA). The array was scanned by Axon 4000B scanner, and the data were extracted by GenePix Pro 6.1 software (Molecular Devices, Sunnyvale, CA). For the RNAseq, raw sequencing data were obtained as previously described in FASTQ format. Read mapping used Tophat 2.0.9 against the mm10 mouse reference genome. The resulting BAM alignment files were processed using HTSeq 0.6.1 python framework and respective mm10 GTF gene annotation (UCSC database). The Bioconductor package DESeq2 (3.2) was used to identify differentially expressed genes (DEGs) and for statistical analysis based on the negative binomial distribution model. The resulting values were adjusted (Benjamini–Hochberg method for FDR determination). Genes with adjusted P-value < 0.05 were determined to be differentially expressed. KEGG analysis was used to identify the top canonical pathways being altered. RNA-seq data were deposited in the NCBI’s Gene Expression Omnibus (GEO) database (GEO GSE116350).



Macrophage polarization and treatments

Bone marrow-derived macrophages were isolated and cultured in RPMI with 10% FBS, 10% L929 conditioned media, and 1% PenStrep for 5 days. For M1 polarization, macrophage media was supplemented with 20 ng/mL IFNγ (Peprotech) and 20 ng/mL lipopolysaccharides (all from Sigma). For M2 polarization, macrophage media was supplemented with 20 ng/mL interleukin-4 (Peprotech). For linoleic acid (LA) and docosahexaenoic acid (DHA) solution: 25 μM LA or DHA (Cayman) complexed with 8 μM FA-Free BSA in PBS supplemented with glucose and 2 μM calcium chloride. Solutions were prepared fresh 24 h before treatment and rotated at 4°C overnight to allow for complete complexing to BSA. Eicosanoids were measured by liquid chromatography–mass spectrometry (LC–MS) as previously described (34).



Positron emission tomographic/computed tomography imaging

Mice were fasted for 4 h, anesthetized with isoflurane, and injected with 3.7 MBq of 64Cu-AMD3100 (64Cu: t1/2 = 12.7 h) or 9.25 MBq 68Ga-DOTA-ECL1i (68Ga: t1/2 = 68 min) in 100 μL of saline via the tail vein. Small animal PET/CT scans (40–60 min dynamic scan) were performed on the Inveon PET/CT system (Siemens, Malvern, PA). The PET images were corrected for attenuation, scatter, normalization, and camera dead time and co-registered with CT images. The PET images were reconstructed with the maximum a posteriori (MAP) algorithm and analyzed by Inveon Research Workplace. The uptake was calculated as the percent injected dose per gram (%ID/g) of tissue in three-dimensional regions of interest (ROIs) without the correction for partial volume effect (26).



Flow cytometry

Single-cell suspensions were generated from saline perfused hearts by finely mincing and digesting them in DMEM with Collagenase 1 (450 U/mL), Hyaluronidase (60 U/mL), and DNase I (60 U/mL) for 1 h at 37°C. All enzymes were purchased from Sigma. To deactivate the enzymes, samples were washed with HBSS that was supplemented with 2% FBS and 0.2% BSA and filtered through 40 μM cell strainers. Red blood cell lysis was performed with ACK lysis buffer (Thermo Fisher Scientific). Samples were washed with HBSS and resuspended in 100 μL of FACS buffer (DPBS with 2% FBS and 2 mM EDTA). Cells were stained with monoclonal antibodies at 4°C for 30 min in the dark. All the antibodies were obtained from Biolegend: CD45-PerCP/Cy5.5, clone 30-F11; CD64-APC and PE, clone X54-5/7.1; CCR2-BV421, clone: SA203G11; MHCII-APC/Cy7, clone M5/114.15.2; Ly6G-PE/Cy7, clone 1A8; and Ly6C-FITC, clone HK1.4. Samples were washed two times, and final resuspension was made in 300 μL FACS buffer. DAPI or LIVE/DEAD™ Aqua dyes were used for the exclusion of dead cells. Flow cytometric analysis were performed on the BD Fortessa platform. Neutrophils were gated as CD45 + Ly6Ghigh. Macrophages were gated as Ly6GnegCD64highLy6Clow cells.



Statistics

Statistical analyses were made using GraphPad Prism 8 or MATLAB Student’s t-test, one-way or two-way ANOVA with post hoc comparison. Principal component analysis (PCA) using Umetrics SIMCA-P + 12 software (Umetrics AB) was conducted for non-biased evaluation of lipidomic data (22). All data presented are means ± standard error (SE). Significance was for p < 0.05.




Results


Cardiac lipidomic profile

FAs are structural components of membranes, signaling molecules, and energy sources. In addition, they regulate gene expression by providing substrate for histone acetylation (35, 36). The inability of the myocardium to adapt FA utilization and FA oxidation to FA availability disrupts homeostasis and can associate with stress and inflammation. We examined the lipid profile of the CD36–/– heart by conducting an unbiased global assessment using hearts from fed or overnight fasted CD36–/– and WT mice. Turnover of intramyocardial triglycerides (TAG) contributes an estimated 10% of cardiac energy (37); TAG content was similar in hearts of fed WT and CD36–/– mice (Figure 1A). TAG increased after fasting in WT hearts as previously reported (30, 34), in contrast, CD36–/– hearts showed a marked (∼60%) reduction of TAG stores (Figure 1A). We examined FA composition of the TAG to gain insight into TAG remodeling. Saturated FA (Figure 1B) and PUFA (Figure 1D) were significantly increased in the hearts of CD36–/– mice as compared to controls during the fed state. Fasting is associated in WT hearts with increases in TAG content of monounsaturated (>200%) and polyunsaturated (160%) FAs more than saturated FAs (∼130%). In CD36–/– hearts, fasting reduced all FAs in TAG with a larger drop in monounsaturated (-65%) and polyunsaturated (-62%) FAs as compared to saturated FAs (-45%). These results suggested abnormalities of FA desaturation (Figures 1B–D). In line with the results in the fasting state, expression of the myocardial isoform of stearoyl-CoA desaturase increased three-fold in the hearts of fasted WT mice and was 60% reduced in the hearts of fed or fasted CD36–/– mice (data not shown). Myocardial plasmalogens and cardiolipins (CL), two classes of lipids important for the function of peroxisomes and mitochondria in FA oxidation (38) were altered in CD36–/– mice. Plasmalogen levels were reduced (∼25%) in fed and fasted states, as compared with hearts of WT mice (Figure 1E). Fasting increased lysocardiolipin levels in hearts from both genotypes, although the increase was larger in hearts from CD36–/– as compared to those of WT mice, 1.6-, and 2.8-fold, respectively (Figure 1F). Fasting changed FA composition of cardiolipin acyl chains, which is regulated in concert with the remodeling of other phospholipids. Lysocardiolipin is formed by phospholipase removal of FA-acyl chains and acyltransferase mediates reacylation back to cardiolipin. The larger increase in lysocardiolipin in fasted CD36–/– hearts involved all species with the most affected acyl chains being linoleic acid (C18:2) and DHA (C22:6) (Figure 1G).
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FIGURE 1
CD36-mediated alterations in myocardial triglycerides and lysocardiolipin. Myocardial lipids in fed and fasted WT and CD36–/– mice were analyzed using shotgun lipidomics mass spectrometry. Levels of (A) total triglycerides, (B) saturated, (C) monounsaturated (MUFA), and (D) polyunsaturated (PUFA) FAs in TGs. (E) Levels of total plasmalogens (%). (F) Levels of lysocardiolipins. (G) Lysocardiolipin species. Labels denote the number of carbons: number of double bonds. Results are reported as nmol/mg of protein. Data (n = 5/group) are means ± SE with n representing the number of mice per group, *p < 0.05.


Tissue renewal relies on lipid metabolism, notably FA oxidation which maintains competent stem cells (39) and regulates cardiac function and homeostasis (8, 40). In the fed state, there was little change in levels of total acylcarnitines (ACs) in CD36–/– hearts (Figure 2A), but while total acylcarnitine levels increased with fasting in WT hearts, they trended lower in CD36–/– hearts, although total AC content is not as meaningful with respect to the status of FA oxidation as that of long-chain ACs. The WT hearts sustained FA oxidation in fasting (Figure 2B) and mitochondrial CD36 protein content increased (Figure 2C) while relative FAO decreased with fasting in CD36–/– hearts (Figure 2B). The heart during fasting normally reduces its glucose utilization and increases its reliance on FA uptake and FA oxidation. However, this metabolic flexibility is lost in the hearts of CD36–/– mice which continue to rely on glucose utilization during fasting (8). In line with this, ACs increased during fasting in the hearts of WT mice, but the increase was uniformly muted in CD36–/– mice as ACs showed little change or decreased (Figure 2D). Levels of acylcarnitines were similar in the fed state in WT and CD36–/– hearts, but during fasting, long-chain AC species (12:0, 16:0, 18:0, 18:1, and 18:2) trended lower but only AC 12:0 and 18:0 reached significance. As compared to the WT heart, long-chain acylcarnitines (12:0, 14:0, 16:0, 18:0, 18:1, and 18:2) were significantly reduced in the hearts of CD36–/– mice indicating reduced mitochondrial FA oxidation. These results are consistent with findings showing that during feeding, the CD36–/– heart can utilize FAs from chylomicrons as uptake of chylomicron FA is not limited by CD36 (8).


[image: image]

FIGURE 2
Acylcarnitines and fatty acid oxidation (FAO) of mitochondria isolated from fed and fasted WT and CD36–/– hearts. (A) Levels of total acylcarnitines (ACs). (B) Mitochondria were isolated to measure CD36 content and fatty acid oxidation (FAO) rate determined from CO2 or 3H water release from radiolabeled substrates as described in Methods. Data are expressed as ratios of FAO rates from fasted and fed hearts. (C) CD36 expression and densitometry in mitochondrial lysates relative to COX IV expression by western blotting. (A,B) n = 5/group; (C) n = 7/group; (D) n = 3/group. Results are reported as pmol/mg of protein. Data are means ± SE with n representing the number of mice per group, *p < 0.05.


The FAs liberated by phospholipases serve as the primary precursor pool for the formation of the pleiotropically bioactive arachidonic acid-derived eicosanoid generated by cyclooxygenases (COX), lipoxygenases (LOX), and cytochromes P450. The generated eicosanoids are involved in multiple signaling pathways in the heart (41). The role of CD36 in phospholipase A2 activation, release of arachidonic acid, and generation of prostaglandin E2 (PGE2) was previously reported in isolated macrophages (42). We found that levels of many eicosanoids were elevated in the hearts of fed CD36–/– mice as compared to those of WT mice (Figure 3A, black to white bars). This included several LOX-generated hydroxyeicosatetraenoic acids; 8, 12, and 15 HETE and P450 generated epoxyeicosatrienoic acids; 5–6, 8–9, 11–12, and 14–15 EET and 20-HETE. The COX-derived PGE2, PGF2a, and PGD2 were not affected but they increased with fasting only in WT hearts (Figures 3A,B). CD36 deficiency is associated with higher gene expression of the CYP4A arachidonic acid ω-hydroxylases Cyp4a12 and epoxygenase Cyp2c70 (Figure 3C). The increase in arachidonic acid-derived eicosanoids during feeding could reflect the presence of inflammation in the myocardium.
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FIGURE 3
CD36 deficiency affects cardiac eicosanoid content. (A) Eicosanoid content in fed or fasted WT and CD36–/– heart (n = 5/group). Results are reported as pg/mg of protein. (B) Gene expression fold change of key enzymes regulating eicosanoid production. Data are means ± SE with n representing the number of mice per group, *p < 0.05. (C) The scheme represents downstream metabolites of arachidonic acid (AA) via cyclooxygenase (COX), lipoxygenase (LOX), or cytochrome (P450) pathways.


Unbiased global assessment of gene expression by microarray analysis in hearts of CD36–/– mice, as compared to WT, identified upregulation of pathways regulating both innate and adaptive immunity (Figure 4A and Supplementary Table 1). Excessive or abnormal FA metabolism can promote cardiac inflammation and heart disease which could involve effects on macrophage (MAC) polarization (43). We examined the response of M1-like vs. M2-like MACs to pro-inflammatory (e.g., ω-6 linoleic acid, LA) or anti-inflammatory (e.g., ω-3 docosahexaenoic acid, DHA) polyunsaturated long chain FAs (PUFAs) and the effect of CD36 deficiency. The ω-3 and ω-6 PUFAs are metabolized to various eicosanoids that can, respectively, promote (via prostaglandins) or resolve (via resolvins) inflammation (44, 45). As reported (46), alternatively polarized M2-like bone marrow-derived MACs have higher CD36 expression when compared to classical M1 MACs (Figure 4B). Untreated WT M1 MACs produced much more PGD2, a metabolite of the ω-6 FA arachidonic acid, than WT untreated M2 MACs (∼843 ± 15 vs. 35 ± 2 AU, respectively, p < 0.0001), and M1 PGD2 production was unaffected by FA treatment (Figure 4C). The WT M2 MACs generated low amounts of PGD2 that modestly increased upon addition of DHA (65 ± 4 AU; p < 0.05) or LA (80 ± 4 AU; p < 0.05) (Figure 4C). We then examined the production of 5-HEPE, a common anti-inflammatory metabolite of ω-3 FAs. Wildtype M1 MACs produced low amounts of 5-HEPE, which modestly increased in response to DHA while a much larger (∼six-fold) increase in 5-HEPE was observed in DHA-treated WT M2 MACs (Figure 4D). Similar data were observed with the anti-inflammatory metabolite 18-HEPE (data not shown). The effect of CD36 deletion on MAC production of eicosanoids was examined next (Figures 4E–G). CD36 deletion increased by ∼nine-fold basal PGD2 levels in M1 MACs (49,862 ± 3,708 AU; p < 0.0001) with no further increase observed with LA treatment. DHA suppressed PGD2 levels (12,364 ± 1,377 AU; p < 0.001) less efficiently in CD36–/– cells (Figure 4E left panel). DHA treatment increased PGD2 in CD36–/– M2 MACs by ∼ two-fold (to 2,741 ± 811; p < 0.05) while LA was ineffective (Figure 4E right panel). These data show that a major effect of CD36 deficiency was to dramatically increase basal PGD2 secretion by M1 MACs. Levels of the anti-inflammatory DHA metabolite 17-HDHA were modestly higher in untreated CD36–/– M1 MACs (1,980 ± 295 AU) as compared to untreated WT M1 MACs (362 ± 242 AU; P < 0.01) (Figure 4F). Addition of DHA increased 17-HDHA (11,353 ± 2,530 AU) in WT M1 MACs with a significantly larger effect in CD36–/– cells (99,242 ± 11,230 AU; p < 0.001) indicating that CD36 deficiency also increases ω-3 conversion into eicosanoids. A similar pattern was observed in M2 MACs, while LA treatment was generally ineffective (Figure 4F). CD36 deficiency increased (∼10-fold) production of the linoleic acid metabolite 13-HODE in M1 MACs (291,575 ± 57,607 AU) as compared to untreated WT M1 MACs (29,562 ± 5,744 AU; p < 0.01), and in response to DHA or LA in both M1 and M2 (Figure 4G). Together, these data suggest that MAC CD36 influences eicosanoid formation, and CD36 loss results in process dysregulation with blunting of differences in eicosanoid production between M1 and M2 MACs.
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FIGURE 4
CD36 deletion associates with markers of inflammation in heart tissue and isolated macrophages. (A) Microarray analysis in CD36–/– heart shows upregulated biological pathways involved in immune cell activation and inflammation (n = 3/group). Pathway analysis obtained from Reactome analysis database using differentially regulated genes (>1.6 or <0.7). Number of differentially regulated genes is indicated on the significance bar for each pathway. (B) WT bone marrow-derived macrophages (BMDM) were subjected to a polarization protocol to yield M1- and M2-like macrophages and were assayed for CD36 expression levels by western blotting. WT M1- and M2-like macrophages were assayed for the content of (C) PGD2 and (D) 5-HEPE at baseline and following DHA or LA treatment. (E–G) BMDM were obtained from WT or CD36–/– mice and subjected to the polarization protocol. M1- and M2-like macrophages were then treated with DHA or LA to measure the content of (E) PGD2, (F) the DHA metabolite 17-Hydroxy-ocosahexaenoic acid (17-HDHA) and (G) the linoleic acid metabolite 13-Hydroxyoctadecadienoic acid (13-HODE). Eicosanoids were measured by LC–MS. All data (n = 4/group) are means ± SE with n representing the number of mice per group. Statistical significance is determined by Student’s t test. *p < 0.05.




Cardiac C-X-C motif chemokine receptor 4 and C-C chemokine receptor type 2 imaging

The above data together suggested the presence of inflammation in the myocardium of the CD36–/– mouse, so we next examined the presence of inflammation non-invasively in vivo. Neutrophils are the first cell type to respond when the heart is subjected to stress, infection, or injury. Short-term neutrophil infiltration initiates inflammation and helps with its resolution, while the long-term presence of neutrophils can damage the myocardium (47, 48). High CXCR4 expression is typical of activated neutrophils that can cause tissue damage (49). MAC subsets in the heart play different roles in the tissue’s response to stress. While tissue-resident CCR2neg MACs inhibit monocyte recruitment, CCR2+ tissue MACs recruit monocytes and promote cardiac inflammation (50) and contribute to adverse heart remodeling and the pathogenesis of heart failure in humans (51, 52). To non-invasively assess real-time cardiac inflammation in unchallenged CD36–/– mice, we took advantage of a PET-based molecular imaging strategy using 64Cu-AMD3100 tracer detecting CXCR4+ neutrophils (CXCR4 PET) and 68Ga-DOTA-ECL1i tracer detecting CCR2+ macrophages (CCR2 PET) as previously described (25, 26, 53). In CD36–/– mice, robust CXCR4 PET signals were observed in the hearts compared to the low tracer retention measured in wild type controls (Figure 5A). Quantitative analysis showed that tracer uptake in the hearts of CD36–/– mice was significantly higher (3.36 ± 0.36%ID/g, p < 0.001, n = 7) than that in WT mice (2.17 ± 0.25%ID/g, n = 10) (Figure 5B). Moreover, ex vivo autoradiography performed immediately after PET/CT imaging showed stronger tracer uptake in heart slices from CD36–/– mice relative to slices from WT mice (Figure 5C). To further validate the CXCR4 PET findings, we determined level of CXCR4+ neutrophils in mouse hearts using flow cytometry. CD36–/– hearts as compared to WT hearts, had more CXCR4+ neutrophils but not more total neutrophils (CD45+Ly6G+) (Figure 5D). For CCR2 imaging, higher tracer uptake was measured in CD36–/– mice that contrasted with the low retention of 68Ga-DOTA-ECL1i seen in WT mice (Figures 6A,B). Heart uptake quantification revealed nearly doubled signals in CD36–/– mice (1.33 ± 0.16%ID/g, n = 5, p < 0.001) relative to those in WT mice (0.72 ± 0.06%ID/g, n = 5). Moreover, in CCR2–/– mice, minimal 68Ga-DOTA-ECL1i accumulation was observed (0.59 ± 0.04%ID/g, n = 4, p < 0.001), validating CCR2-targeting specificity of 68Ga-DOTA-ECL1i (Figures 6A,B). Flow cytometry analysis confirmed increased CCR2 expression on heart MACs isolated from CD36–/– mice (Figure 6C).
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FIGURE 5
Visualization of activated neutrophils in the heart of wild type (WT) and CD36 null (CD36–/–) mice. (A) Neutrophils are visualized non-invasively using 64Cu-AMD3100 tracer and PET/CT scanning. (B) Quantification of 64Cu-AMD3100 tracer in the heart (n = 10 in WT mice, n = 7 in CD36–/– mice). (C) Ex vivo autoradiography of heart slices collected from WT and CD36–/– mice immediately after the PET scan to further document uptake of 64Cu-AMD3100 (n = 2/group). (D) Flow cytometric analysis of CXCR4 expression on cardiac neutrophils isolated from WT and CD36–/– mice (n = 3/group). All data are means ± SE with n representing the number of mice per group. Statistical significance is determined by the unpaired non-parametric Mann–Whitney t-test. *p < 0.05.
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FIGURE 6
68Ga-DOTA-ECL1i PET/CT imaging the infiltration of CCR2 + monocyte/macrophages in hearts. (A,B) Representative 68Ga-DOTA-ECL1i PET/CT images and quantitative analysis showed higher tracer accumulation in the heart of CD36–/– (n = 5) compared with WT mice (n = 5) and CCR2–/– mice (n = 4/group). (C) Flow cytometric analysis of CCR2 expression in macrophages isolated from WT and CD36–/– hearts (n = 3/group). All data are means ± SE with n representing the number of mice per group. Statistical significance is determined by One-way ANOVA. *p < 0.05.




CD36 deletion in cardiomyocyte associates with cardiac inflammation

The alterations in lipid metabolism measured in the hearts of CD36–/– mice would be predicted to cause significant stress to the myocardium, which could promote inflammation. To assess the role of cardiomyocyte CD36 deficiency on cardiac inflammation independent of the context of CD36 deficiency in immune cells, we examined whether inflammation can be observed in hearts from mice with CD36 deletion restricted to cardiomyocytes, MHC-CD36–/– (27). Hearts of MHC-CD36–/– mice had significant increases in the macrophage CCR2 PET tracer as compared to hearts of WT mice (Figures 7A,B). In addition, an unbiased global assessment of gene expression in hearts from MHC-CD36–/– mice showed upregulation of pathways involved in immune cell activation and infiltration. In contrast, pathways relevant to cellular respiration, mitochondrial function, and FA metabolism were downregulated as compared to littermate controls (Figure 7C). These data suggested that CD36 deficiency in cardiomyocytes likely contributes to tissue inflammation and immune infiltration.
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FIGURE 7
Myocardial CD36 deletion associates with cardiac inflammation and impaired FA metabolisms. (A,B) Representative 68Ga-DOTA-ECL1i PET/CT images and quantitative analysis showed higher tracer accumulation in the heart of MHC-CD36–/– (n = 4/group) compared with those isolated from control mice (n = 5/group). Data are means ± SE with n representing the number of mice per group, *p < 0.05. (C) Gene expression of MHC-CD36–/– and control hearts obtained by RNA-seq. Up- and downregulated biological pathways from Reactome analysis using differentially regulated genes (MHC-CD36–/– vs. WT, > 1.6 or < 0.7-fold change). All data are (n = 3/group) with n representing the number of mice per group. Number of genes on the differentially regulated list is indicated on significance bar for each pathway.





Discussion

Our study examined metabolic and immune adaptation of the heart in the context of CD36-mediated impaired lipid metabolism. Lipidomic analysis in hearts from CD36–/– mice showed abnormal remodeling of TAG and mitochondrial cardiolipin in fasting, and reduced levels of peroxisomal plasmalogens, a major glycerophospholipid class in the myocardium (54). In line with this, fasting associated with suppressed mitochondrial FA oxidation and with reduced FA acylcarnitine levels. Eicosanoid production was dysregulated in fed CD36–/– mice with high levels of multiple pro-inflammatory arachidonic acid derivatives. Analysis of heart gene expression showed that CD36 deficiency promotes the downregulation of genes involved in cellular respiration and mitochondrial function while upregulating the expression of genes involved in immune cell activation and inflammation. Using a novel non-invasive PET imaging approach, we further showed that CD36 deficiency promotes cardiac immune cell infiltration in unchallenged mice. Increases were observed in PET signals for CXCR4, a marker of old activated neutrophils that cause tissue damage (49), and for CCR2 which marks a pro-inflammatory subset of monocytes-macrophages, that associates with adverse left ventricle remodeling and heart failure progression (26, 55). CD36 regulates macrophage polarization to the anti-inflammatory phenotype and improves macrophage efferocytosis after ischemic injury (56). Deficiency in myeloid-CD36 delays the clearing of apoptotic cells, including neutrophils and cardiac repair after injury (21). Uncleared apoptotic neutrophils are implicated in tissue injury through the generation of pro-inflammatory cytokines, extracellular traps, and reactive oxygen species (57). Although neutrophils were recently shown to have a protective role in polarizing macrophages toward a healing function, the absence of CD36 on macrophages would at least in part impede this effect (58, 59). The observation that CD36 deficiency restricted to cardiomyocytes promotes macrophage infiltration and upregulation of pathways related to immune activation and migration in the heart suggests that dysregulation of lipid metabolism might drive the immune infiltration in CD36–/– hearts.

CD36 deficiency in rodents was reported to associate with intolerance to prolonged fasting with increases in arrhythmias and sudden death (4). One contributor to fasting intolerance of CD36–/– mice is likely the fasting-induced TAG depletion. The fasted CD36–/– heart relies more heavily than the WT heart on glucose and endogenous lipid stores and is unable to replenish them by FA supply during fasting. However, in the fed state, the CD36–/– heart can derive FAs from chylomicrons. The heart utilizes FFAs bound to albumin, as well as FFAs, released from very low-density lipoproteins (VLDL) or from intestinally derived chylomicrons via vascular lipoprotein lipase (LpL)-mediated enzymatic cleavage of triacylglycerol (TG) ester bonds. A comparison of myocardial FA uptake from VLDL and chylomicrons in mice showed that CD36 was important for FA uptake from VLDL but not from chylomicrons, as the effect of CD36 deletion on FA uptake from chylomicrons was negligible (60). Therefore, in the fed state, the CD36–/– heart can replenish endogenous lipids from chylomicrons. In the fasting state, CD36–/– hearts fail to replenish TAG stores as uptake of FA and VLDL is CD36 dependent (8, 60). Targeting cardiac FA uptake can provide a primary approach for preventing excess lipid accumulation and lipotoxicity as proposed (61) but our findings indicate that very low FA uptake rates can negatively impact myocardial adaptation and the remodeling required for the maintenance of tissue health. In line with the current results with CD36–/– hearts, mice with LpL deficiency restricted to cardiomyocytes showed altered cardiac expression of genes involved in lipid and glucose metabolism (62) and developed heart dysfunction with aging and increased afterload (63).


Altered remodeling of cardiolipins and plasmalogens

We previously reported that CD36–/– hearts had higher contents of lysophospholipids, LPC, and LPE (4). These earlier findings together with the current observations of abnormal increases in lysocardiolipins are consistent with the interpretation that FA acyl supply might be rate-limiting for phospholipid remodeling in fasted CD36–/– hearts in line with the reduction in FA acyl sources, namely myocardial TAG and FA uptake. However, alternative or additional mechanisms cannot be ruled out. Phospholipid remodeling is regulated by signal transduction events, including changes in calcium dynamics, which are altered in CD36–/– hearts (4). Dysfunction of calcium flux, or activation of phospholipases A2, or lysophospholipid acyltransferases could result in abnormal tissue remodeling. We observed 50% suppression of gene expression for heart cytoplasmic cPLA2 and iPLA2γ, enzymes that mobilize arachidonic from PC and PE to yield lysoPC and lysoPE, and a two to fourfold increase in expression of the acyltransferases LPCAT2 and LPCAT3 that reacylate lysoPC to PC (data not shown). It remains to be determined whether these changes are compensatory in the context of dysregulated enzymatic activity.

Remodeling of cardiolipin side-chains is important for mitochondrial function (64, 65). Linoleic, oleic, arachidonic, and docosahexaenoic acids are major side-chains of mouse heart cardiolipin (66) and are maintained preferentially through acyl chain transfer from the sn-2 position of PC (67). Maintaining appropriate levels of the key C18:2 and C22:6 cardiolipin might be suboptimal in CD36–/– hearts. Remodeling of phospholipids is important for myocardial adaptation to stress and is thought to boost sarcoplasmic reticulum Ca2+ uptake. For example, altered DHA content of heart phospholipids in mice with deficiency of the very-long-chain acyl-CoA dehydrogenase that initiates oxidation of FA with 14–20 carbons is associated with abnormal Ca2+ handling, tachycardia, and prolonged QT interval (68, 69), similar to dysfunctions noted in fasted CD36–/– mice (4). The dysregulated phospholipid (PC, PE, and CL) remodeling induced by CD36 ablation appears maladaptive and might contribute to impairing calcium handling.

Level of plasmalogens was reduced in fed and fasted CD36–/– hearts as compared to controls. Plasmalogens are enriched in plasma membrane lipid-raft microdomains (70) and function as potent endogenous antioxidants regulating susceptibility to oxidative damage in many diseases (71–73). In addition, they are important for mitochondrial FA oxidation (38). Plasmalogens can also generate toxic lysolipids and hydroxy fatty aldehydes and are the target of activated neutrophils (74), but whether the reduction in plasmalogen levels is in part linked to neutrophil infiltration is unclear.



Changes in eicosanoids

The altered phospholipid remodeling in CD36–/– hearts is associated with increased production of various eicosanoids especially in the fed state when the supply of FAs is abundant. The data suggest that eicosanoid production is dysregulated and that it is normally suppressed by CD36 presence. This is in line with the findings in macrophages where CD36 deficiency upregulated basal or FA-induced eicosanoid production (Figures 4E–G). In macrophages, CD36 deficiency markedly increased levels of the pro-inflammatory PGD2 in M1 macrophages and those of the linoleic acid metabolite 13-HODE by both M1 and M2 macrophages. These lipid mediators influence diverse signaling pathways in the heart including activation of ion channels, modulation of calcium flux, and their resultant effects on cardiac hypertrophy, myocardial preconditioning, infarction, and arrhythmogenesis (41).

CD36–/– hearts have higher levels of most arachidonic-derived eicosanoids as compared to WT hearts. Arachidonic acid metabolism generates mostly pro-inflammatory mediators but can also yield metabolites that help resolve inflammation (75). Arachidonic acid metabolism to prostaglandins via the COX pathway or to leukotrienes via the LOX pathway is associated with acute inflammation (75). In addition to the increased production of pro-inflammatory eicosanoids, we observed a fourfold increase in cytochrome P450-derived epoxy cardioprotective compounds (76). The CYP pathway produces the pro-resolution mediator epoxyeicosatrienoic acid, thought to increase the recruitment of dendritic cells and monocytes important for repair (75). The EETs, present in the heart, endothelium, and plasma have vasodilatory, anti-inflammatory, antioxidative, anti-migratory, and pro-fibrinolytic effects in the heart, with 11,12-EET being the most efficacious. Some of these anti-inflammatory effects might be mediated by the inhibitory role of EETs on pro-inflammatory mediators in the vascular wall, ICAM-1, VCAM-1, and E-selectin. The 11,12-EET also inhibits phosphorylation of IκB-α, which is necessary for nuclear translocation of NF-κB, preventing activation of NF-κB target genes (77). However, it is worth noting that the changes in EET levels in CD36–/– hearts occurred in opposite direction to those in WT hearts. Levels were much higher in the fed state and declined after fasting to levels below those of WT hearts (e.g., 11,12-EET, and 14,15-EET). Overall, eicosanoid metabolism appears dysregulated in CD36–/– hearts, and further studies are needed to understand the molecular mechanisms driving the changes.



Is CD36 good or bad for heart homeostasis?

The current findings and our previous observations support the importance of CD36 for maintaining heart metabolic flexibility and optimal adaptation to energy fluctuations. They also suggest an important role of the protein in the regulation of phospholipid remodeling important for membrane function. Emerging research show that CD36 has dual actions in the inflammatory process, as the receptor is reported to regulate both induction and resolution of inflammation possibly due to its capability to bind different ligands. For example, CD36-mediated uptake of oxLDL (78) contributes to cholesterol accumulation in arterial wall macrophages (79). CD36 induces inflammation by forming a complex with TLR4 (80) was shown to regulate nucleation and accumulation of cholesterol crystals within macrophages resulting in activation of the NLRP3 inflammasome (75). On the other hand, as a pattern recognition receptor, CD36 is involved in the clearance of cell debris and phagocytosis, which is important for resolving inflammation by contributing to the clearance of apoptotic neutrophils (81). In the heart, CD36 may be important for the resolution of cardiac inflammation after injury by contributing to monocyte clearance of apoptotic cells (21, 82). Impaired resolution of inflammation is also observed with CD36 deletion in lymphatic endothelial cells and the resulting impairment of the lymphatic barrier (83). These dual actions of CD36 in helping mount and resolve inflammation would be consistent with the concept that normally inflammation is tightly controlled, self-limited, and programs its own resolution (84). In summary, the heart of unchallenged CD36–/– mice is in a non-homeostatic state and displays strikingly abnormal remodeling of tissue lipids. This includes lipids important for energy production, TAG, and cardiolipin, which are associated with diminished mitochondrial oxidation and the reduced production of acylcarnitines during fasting. Abnormal remodeling of membrane phospholipids, important for tissue adaptation to stress, associated with dysregulated production of the bioactive eicosanoids, which play important roles in multiple physiological pathways, including the initiation and resolution of inflammation.



Potential relevance to humans

CD36 genetic variants that reduce protein level by ∼50% are relatively common, with a minor allele incidence of ∼20% in African Americans. Partial or total CD36 deficiency is associated with abnormal blood lipid profile (24, 85) and with vascular stiffening (23), which are predictors of obesity/diabetes-associated cardiovascular events. Humans deficient in CD36 have impaired FA uptake as visualized by spectral imaging using the FA analog BMIPP. Myocardial BMIPP uptake is almost undetectable in CD36 deficient humans and is significantly reduced in subjects with partial CD36 deficiency (6, 86) suggesting a quantitative gene-dosage dependency. The dysregulated eicosanoid secretion in the hearts of CD36–/– mice might signal the presence of subclinical tissue damage in line with the observed immune infiltration. High levels of eicosanoids have been associated with myocardial vulnerability. Increases in LOX-generated AA-derived HETEs, notably 12-HETE and 15-HETE, and of P450-generated AA-derived 11,12-EET and 14,15-EET were shown to correlate with the N-terminal pro-B-type natriuretic peptide, a cardiac biomarker predictive of the acute coronary syndrome and heart failure. They are also associated with the subsequent onset of acute myocardial infarct in patients with coronary artery disease (87). Our findings warrant further investigation of interventions that would mitigate the negative effects of the dysregulated lipid metabolism in CD36 deficient hearts. It would be important to determine whether polymorphisms that significantly reduce CD36 levels might be predictive of myocardial vulnerability to stress and could be a useful biomarker of individual susceptibility to (i) immune cell-induced cardiac pathological remodeling and (ii) electrical instability during fasting or other catabolic states.
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