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Background

NOD-like receptors (NLR) are intracellular sensors of the innate immune system, with the NLRP3 being a pro-inflammatory member that modulates cardiac ischemia-reperfusion injury (IRI) and metabolism. No information is available on a possible role of anti-inflammatory NLRs on IRI and metabolism in the intact heart. Here we hypothesize that the constitutively expressed, anti-inflammatory mitochondrial NLRX1, affects IRI and metabolism of the isolated mouse heart.



Methods

Isolated C57Bl/6J and NLRX1 knock-out (KO) mouse hearts were perfused with a physiological mixture of the essential substrates (lactate, glucose, pyruvate, fatty acid, glutamine) and insulin. For the IRI studies, hearts were subjected to either mild (20 min) or severe (35 min) ischemia and IRI was determined at 60 min reperfusion. Inflammatory mediators (IL-6, TNFα) and survival pathways (mito-HKII, p-Akt, p-AMPK, p-STAT3) were analyzed at 5 min of reperfusion. For the metabolism studies, hearts were perfused for 35 min with either 5.5 mM 13C-glucose or 0.4 mM 13C-palmitate under normoxic conditions, followed by LC-MS analysis and integrated, stepwise, mass-isotopomeric flux analysis (MIMOSA).



Results

NLRX1 KO significantly increased IRI (infarct size from 63% to 73%, end-diastolic pressure from 59 mmHg to 75 mmHg, and rate-pressure-product recovery from 15% to 6%), following severe, but not mild, ischemia. The increased IRI in NLRX1 KO hearts was associated with depressed Akt signaling at early reperfusion; other survival pathways or inflammatory parameters were not affected. Metabolically, NLRX1 KO hearts displayed increased lactate production and glucose oxidation relative to fatty acid oxidation, associated with increased pyruvate dehydrogenase flux and 10% higher cardiac oxygen consumption.



Conclusion

Deletion of the mitochondrially-located NOD-like sensor NLRX1 exacerbates severe cardiac IR injury, possibly through impaired Akt signaling, and increases cardiac glucose metabolism.
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Introduction

The innate immune system is an important player in cardiac ischemia-reperfusion injury (IRI), serving as the first defense system against infection or injury through engagement of pattern recognition receptors (PRRs) such as the cell membrane-associated toll-like receptors (TLRs) and intracellular NOD-like receptors (NLRs) (1, 2). In general, activation of these receptors results in boosting a pro-inflammatory response at the place of infection or injury (1, 2). In contrast, the nucleotide-binding oligomerization domain (NOD)-like receptor X1 (NLRX1), an intracellular regulator of innate and adaptive immune response, has anti-inflammatory effects (3). It is ubiquitously expressed and mainly localized to mitochondria (3, 4). NLRX1 functions as an anti-inflammatory NLR in various disease models such as viral infection, cancer and multiple sclerosis (3–7). Considering it is a mitochondrial immune sensor, accumulating evidence implicates its potential role in mitochondrial regulated processes such as cell death and metabolism. In the present study we aimed to characterize to what extent NLRX1 affects cardiac IRI and cardiac metabolism.

NLRX1 has been found to attenuate kidney IRI (8). So far, whether NLRX1 affects cardiac IRI has only been examined in one study employing isolated non-beating cultured cardiac cells. This study demonstrated that NLRX1 reduces apoptosis and inflammatory responses following 24 h hypoxia in non-primary quiescent H9c2 cells (9). However, the effect of NLRX1 in a more physiological model of acute cardiac IRI using intact beating hearts is lacking. Reduced activation of inflammatory pathways and/or activation of cardioprotective survival proteins such as mitochondrial HKII (10–12), AMPK (13), Akt (14), and STAT3 (15) facilitate cardiac protection against IRI. We set out to determine if these mediators are involved in NLRX1 effects on IRI, by measuring them at early reperfusion, before necrosis has been finalized. Finally, because it is known that protection against cardiac IRI is critically dependent on duration of ischemia, i.e. degree of infarction (16, 17), effects of NLRX1 were examined for short and long ischemia duration. Such information is necessary for translation to the clinical condition, where ischemia severity is highly variable (18).

NLRX1 has also been found to affect metabolism. Recent studies have reported that NLRX1 may limit fatty acid oxidation (FAO) and promote glycolysis in hepatocytes from a non-alcoholic fatty liver disease (NAFLD) model (19), or reduce mitochondrial oxygen consumption in kidney epithelial cells (8). The deletion of NLRX1 protects against diet-induced metabolic syndrome and NAFLD development (19). Whether NLRX1 affects cardiac metabolism is currently unknown. However, if the reported NLRX1 effects on limitation of fatty acid oxidation and mitochondrial oxygen consumption in non-cardiac tissues also occur in the heart, this would then indicate the same metabolic signature that offers protection against cardiac IRI (20–22).

Therefore, in this study we employed the isolated Langendorff-perfused mouse heart model to address the hypothesis that NLRX1 affects cardiac IRI and cardiac metabolism.



Materials and Methods


Animals

NLRX1-/- (NLRX1 KO) mice were generated as reported previously (23) and bred in at our institute. Age and weight -matched (11–16 weeks old, weighing 20–30 g) C57BL/6J WT mice were obtained from Charles River. Only male mice were included for the experiments. All animals were housed in standard housing conditions and had free access to food and water. All animal experiments were approved by the Animal Ethics Committee of the Academic Medical Center, Amsterdam, The Netherlands and performed in accordance with guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes.



Heart Isolation and Perfusion

Preparations were done as previously reported (24, 25). Briefly, mice were anesthetized with fentanyl (0.5 mg/kg), midazolam (9.4 mg/kg) and acepromazine (9.4 mg/kg) and heparinized (15 IU) by intraperitoneal injection. Pedal withdrawal reflex was used to ensure a surgical depth of anesthesia was obtained. Afterwards, tracheotomy and mechanical ventilation were performed. Hearts were cannulated in chest and immediately perfused. Subsequently, excised hearts were connected to a Langendorff apparatus and perfused at a constant flow, starting with an initial perfusion pressure of 80 mmHg, using Krebs-Henseleit buffer (KHB) which was filtered by 0.45 µm filter and oxygenated with 95%O2/5%CO2. The KHB contains (in mmol/L, mM) 118 NaCl, 4.7 KCl, 1.2 MgSO4, 1.2 KH2PO4, 25 NaHCO3, 0.5 EDTA, 2.50 CaCl2, with mixed substrates 5.5 D-glucose, 0.5 L-glutamine, 1 lactate, 0.1 pyruvate, 1%(w/v) albumin – 0.4 mM palmitic acid sodium salt, 0.05 L-carnitine and 30 mU/L insulin. Substrate concentrations were chosen to reflect in vivo concentrations of the non-fasted condition (26, 27). Hearts were continuously submerged in 37°C KHB. A well-stretched polyethylene balloon was inserted into the left ventricle through the pulmonary vein, filled with 20–30 µl water, to monitor left ventricular function. All hearts were initially subjected to 20 min stabilization, at the end of which perfusion pressure was set at 80 ± 5mmHg and end diastolic pressure (EDP) at 2–5 mmHg. Developed left ventricular pressure (DLVP) was calculated from peak left ventricular systolic pressure minus EDP. Rate-Pressure-Product (RPP) equaled the product of DLVP and heart rate (HR). Hearts displaying developed left ventricular pressures (DLVP) < 80 mm Hg, heart rates < 280 beats/min, irregular heartbeat or flow > 4 ml/min were excluded. From a total of 86 mice used, three were lost during anesthesia (premature dead), four were lost due to unsuccessful in-chest cannulation, four hearts did not fulfill our cardiac physiological parameters (see above), resulting in 75 successful experiments.



Experimental Protocols

Within each protocol (Figure 1), WT and NLRX1-/- animals were equally distributed to time of day (morning versus afternoon) experimentation.

	mild IRI: following 20 min baseline perfusion, hearts were subjected to 20 min global no-flow ischemia, followed by 60 min reperfusion. Perfusion and left ventricular pressures were continuously monitored (n=8 in WT group, n=7 in NLRX1-/- group). After reperfusion, hearts were blotted dry, weighted, and stored at -20°C for determination of infarct size by TTC staining within 1 week.


	severe IRI: similar as described for mild IRI, except that ischemic duration was extended to 35 min (n=10 in WT group, n=8 in NLRX1-/- group).


	molecular characterization: following 35 min no-flow ischemia and 5 min reperfusion, hearts were immediately homogenized and partly centrifuged to obtain mitochondrial, cytosolic and whole-cell fractions for determination of survival kinases (n=6 in WT group, n=5 in NLRX1-/- group) and inflammatory cytokines.


	carbohydrate metabolism: 5.5 mM non-labeled glucose in the perfusate was replaced by 5.5 mM [U-13C6] glucose (initial molar enrichment (MPE): 99%; Cambridge Isotope Laboratories, Andover, USA). After 25 min perfusion, the pulmonary artery was sampled to obtain venous oxygen tension levels [analyzed by blood gas analyzer (Siemens Rapidpoint500)]. At 35 min perfusion, hearts were immediately frozen in liquid nitrogen and stored at -80°C until further examination. Influent samples were then collected to determine arterial oxygen tension by blood gas analyzer (n=7 in WT group, n=5 in NLRX1-/- group).


	long-chain fatty acid metabolism: similar treatment as described for glucose metabolic characterization, except that 0.4 mM non-labeled palmitate was replaced by 0.4 mM [U-13C16] palmitate (initial molar enrichment (MPE): 98%; Cambridge Isotope Laboratories, Andover, USA) (n=10 in WT group, n=9 in NLRX1-/- group).







Figure 1 | (A) Perfusion protocols for NLRX1 effects on IR injury, survival kinases at reperfusion and 13C cardiac metabolism. Hearts from WT mice and NLRX1-/- mice were perfused with mixed substrates as described in methods part and subjected to 20 min baseline perfusion. For IR injury, hearts were subjected to 20 or 35 min ischemia followed by 60 min reperfusion. For measuring vital survival proteins, hearts were subjected to 35 min ischemia and 5 min reperfusion. For detecting metabolism, hearts were perfused for 35 min with either U-13C6 glucose or U-13C16 palmitate. (B) immunoblot results showing the presence of NLRX1 in WT hearts, and the absence of NLRX1 in NLRX1-/- hearts.





Infarct Size Measurement

The frozen hearts in IRI protocols were cut into 1mm thick slices and immersed in 1% triphenyltetrazolium chloride (TTC) solution (pH=7.4) for 20 min at 37°C on a shaker at 300 rpm. Subsequently, the slices were incubated in 4% formalin (pH = 7.4) for 2 h at room temperature and scanned afterwards. Infarct size was determined using Image J software, by an investigator not aware of treatment allocation.



Tissue Homogenization

For the molecular characterization protocol, hearts were quickly minced in cold homogenization buffer (1.5 ml per heart) containing 0.25 M sucrose, 0.02 M HEPES, 1 mM dithiothreitol (DTT) and phosphatases and protease inhibitors on ice, and homogenized in ice-cold glass-Teflon potter at 1200 rpm/min. Then 750 μl homogenate was centrifuged at 10,000g for 10 min at 4°C to gather mitochondria in the pellet. The supernatant was the cytosolic fraction. The pellets were lysed in homogenization buffer supplemented with 0.5% triton X-100 and 1mM glucose-6-phosphate (to detach HKII from mitochondria (24)) at room temperature for 15 min. Afterwards, samples underwent sonication on ice for 4s and centrifugation (10,000 g) at 4°C for 1min. The supernatant containing the dissolved mitochondrial fraction was stored at -80 °C before determining mitochondrial hexokinase (HK) protein and enzyme activity. The remaining 750 μl homogenate was designated the whole-heart homogenate, lysed and sonicated as for the mitochondrial fraction, centrifuged for 1 min at 10,000 g and the supernatant used for determining survival pathway components in the whole heart.

Hearts immediately excised from mice (6 WT and 4 NLRX1-/-mice) were frozen in liquid nitrogen and stored at -80° until analysis. The whole heart was homogenized, lysed and sonicated in a similar fashion as described above for the “remaining 750 μl homogenate”. The whole-heart homogenate of these hearts was used for detection of NLRX1 by Western blot (WB) and determination of whole-heart metabolic enzyme activities.



Enzyme Activity Assays

The maximal activities of the glycolytic enzymes LDH and HK, the mitochondrial marker enzyme CS (citrate synthase) and the fatty acid oxidation enzyme short-chain-3-hydroxyacyl-CoA dehydrogenase (SCHAD) were determined spectrophotometrically at 25°C as previously reported (28). In short, LDH activity was determined from rate of NADH oxidation at 340 nm following the addition of pyruvate. HK activity measured by the rate of NAD reduction at 340 nm in assay buffer containing glucose, glucose-6-phosphate dehydrogenase, ATP, NAD+ and rotenone. CS activity equaled the rate of thionitrobenzoic acid generation at 412 nm in assay medium containing acetyl CoA, oxaloacetate and di-thionitrobenzoic acid. SCHAD was determined spectrophotometrically using MES, KH2PO4, DTT, NADH, and acetoacetyl-CoA, PH 6.2. Activities were corrected for protein concentration.



Western Blotting

NLRX1, HKII, Akt, AMPK, STAT3, and PDH proteins were determined by Western blotting. HKII was determined in cytoplasmic and mitochondrial fractions; all other proteins in whole-cell fractions. Lowry assay was used to determine protein concentration. Western blotting was conducted as described previously (29). Briefly, 10 μg protein per sample was electrophoresed on a 4–12% sodium dodecyl sulfate polyacrylamide (SDS) gel (Biorad) and transferred to polyvinylidene fluoride (PVDF) membrane. The membrane was incubated in Odyssey blocking buffer to reducing non-specific binding for 1 h. Afterwards, it was probed with the antibody for NLRX1 (1:5000; Abcam ab107611), HKII (1:5000; CST #2867), phospho-Akt (Ser473) (1:1000; CST #9271), Akt (1:1000; CST #9272), phospho-AMPKα (Thr172) (1:1000; CST #2535), AMPKα (1:1000; CST #2603), phospho-STAT3 (Thr705) (1:1000; CST #9131), STAT3 (1:1000; CST #9139), PDH (1:1000; CST #2784s), phospho-PDH E1a (Ser293) (1:2000; Sigma AP1062), and the cytosolic marker Actin (1:5000; Sigma A2066), a-tubulin (1:5000; Sigma T9026) or the mitochondrial marker COX IV (1:9000; CST #4844). Membranes were washed with PBS containing 0.1% Tween-20 (Sigma) and incubated with the complementary secondary fluorescence antibody (IRdye, Licor, Lincoln, USA, 1:5000; #926-68071/926-32211 or 926-32210) for 1 h at room temperature before they were washed again and scanned with an Odyssey scanner(Li-cor). Within one blot, the intensity of all bands was normalized to band with highest intensity.



Cytokine Determination in Hearts

IL-6 and TNFα were determined in the supernatant of the 10,000 g 10 min centrifuged whole heart homogenized tissue, using ELISA kits (#DY406 and #DY410, R&D Systems) following manufacturer’s instructions. Final quantification was normalized by whole protein concentration in the samples, as determined by Lowry assay.



LC-MS

Metabolomics was performed as previously described, with minor adjustments (30). Samples were freeze dried, crunched and approximately 2 mg weighted in a 2 ml tube. A 75 µl mixture of internal standard adenosine-15N5-monophosphate (100 µM) was added to each sample. Subsequently, 425 µl water, 500 µl methanol and 1 ml chloroform were added to the same 2 ml tube before thorough mixing and centrifugation for 10 min at 14.000 rpm. The top layer, containing the polar phase, was transferred to a new 1.5 ml tube and dried using a vacuum concentrator at 60°C. Dried samples were reconstituted in 100 µl methanol/water (6/4; v/v). Metabolites were analyzed using a Waters Acquity ultra-high-performance liquid chromatography system coupled to a Bruker Impact II™ Ultra-High Resolution Qq-Time-Of-Flight mass spectrometer. Samples were kept at 12°C during analysis and 5 µl of each sample was injected. Chromatographic separation was achieved using a Merck Millipore SeQuant ZIC-cHILIC column (PEEK 100 x 2.1 mm, 3 µm particle size). Column temperature was held at 30°C. Mobile phase consisted of (A) 1:9 acetonitrile:water and (B) 9:1 acetonitrile:water, both containing 5 mM ammonium acetate. Using a flow rate of 0.25 ml/min, the LC gradient consisted of: 100% B for 0-2 min, ramp to 0% B at 28 min, 0% B for 28–30 min, ramp to 100% B at 31 min, 100% B for 31–35 min. Mass spectrometry (MS) data were acquired using negative and positive ionization in full scan mode over the range of m/z 50–1200. Data were analyzed using Bruker TASQ software version 2.1.22.3. Isotope ratios and correction for contribution of naturally occurring isotopes were calculated using IsoCorrectoR (31). Metabolite identification has been based on a combination of accurate mass, (relative) retention times and fragmentation spectra, compared to the analysis of a library of standards.



MIMOSA Analysis

For further analysis and interpretation of labeled substrates we applied mass isotopomer multi-ordinate spectral analysis (MIMOSA), as a stepwise flux analysis program to estimate relative glycolytic and mitochondrial rates (32). To this end, MIMOSA uses the transfer of the 13C label going from the precursor to the product of each metabolic conversion, to obtain and compare the estimates of rates of each such conversion between wild-type and NLRX1-/- hearts. The positional assignments of enrichments were calculated from the isotopologue data (without carbon-carbon breakage) from simplifications in isotope patterns from the primarily oxidative metabolism of the perfused hearts (see Supplementary Table 1). When glucose was labeled, the high glycolytic intermediate precursor enrichment (>95%) all the way through PEP with <1% M+1 or M+2, no significant M+1 AcCoA, and the absence of significant oxidative pentose metabolism (no enrichment in ribulose-5-phosphate), indicates limited dilution or scrambling of glycolytic label. Additionally, this also rules out significant PEP cycling through PEPCK (data not shown). In the presence of an unresolvable isobar with M+0 succinate, the similarity of the M+3/(M+2 + M+4) ratios in succinate, fumarate, and malate (not shown) indicates that there is no interfering pyruvate carboxylase (PC) flux under the conditions used. With glucose as label, the absence of pyruvate cycling through malic enzyme was ruled out by the absence of significant M+1 or M+2 pyruvate or lactate. Anaplerotic and cataplerotic fluxes were also largely ruled out by lack of any heavy isotopes of pyruvate, acetate or PEP when labeled palmitate was used. Consequently, there is equal probability of each of the four M+3 isotopomers of oxaloacetate giving rise to citrate.

Having ruled out any M+1 acetyl CoA, all heavy citrate isotopomers are a consequence of the ligation of either M+0 or M+2 acetyl carbons with the isotopomers of oxaloacetate. Since, acetyl CoA does not equilibrate across both the mitochondrial and cytosolic compartments, five independent mass isotopomer distribution analyses (MIDA) were performed to identify the enrichment of the mitochondrial acetyl CoA (Supplementary Table 1; those involving M+3 citrate were not included because of low signal to noise). The 5 independent calculations gave remarkably similar answers for the enrichment of mitochondrial acetyl CoA (not shown). As such, the labeled carbon derived from the PDH reaction could be followed around the TCA cycle into citrate, alpha-ketoglutarate, and malate from the straightforward algebraic deconvolvement of the isotopologues. For instance, the sum of heavy citrate isotopomers M+2 or greater was adjusted by removing the contributions of ligations of M+2, M+3, and M+4 oxaloacetate/malate with M+0 acetyl CoA.

When metabolic pathways intersect, steady state ϕ calculations take advantage of the differences in enrichment between a metabolite precursor and its enzymatic product to determine the relative contribution of fluxes to the pathway (30). Cohorts of positional enrichments were compared between precursor (denominator) and product (numerator) using the relationships described in Supplementary Table 2.



Statistics

Data are expressed as mean ± SD, except data in Figure 2 which are median ± IQ. Tests of normality were analyzed by Shapiro–Wilk test. Statistical comparisons were performed with unpaired Student’s t test when data were normally distributed, otherwise Mann–Whitney U test were applied. Two-way ANOVA followed by LSD test was performed when analyzing 13C transit and flux contribution. Possible outliers were identified using Grubbs’s test for outliers. Power calculations for the IRI studies (80% power at 5% significance to detect a 30% change) indicated that seven experiments were adequate for each parameter to reach significance. Statistics were conducted using IBM SPSS statistics version 24 (International Business Machines Corp., Armond, NY, USA). Figures were made in GraphPad Prism 8.0 (GraphPad Software, Inc., La Jolla, CA, USA). A value of P < 0.05 indicates statistical difference.




Figure 2 | The impact of NLRX1 deletion on maintenance of mechanical function during 20 min normoxic perfusion in the isolated hearts of protocols 1 to 5. For all parameters, the change in parameter at T=20 min relative to the value at T= 0 min is depicted. (A) end diastolic pressure (EDP), (B) heart rate (HR), (C) Rate Pressure Product (RPP), (D) maximum contraction rate of left ventricle (+dp/dt), (E) maximum relaxation rate of left ventricle (-dp/dt), and (F) Perfusion pressure (Pperf). DLVP, developed left ventricular pressure. All values represent median ± IQ (n=41 in WT group; n=34 in NLRX1-/- group). *P < 0.05, **P < 0.01 by Mann-Whitney U test.






Results


NLRX1 Deletion Enhanced Mechanical Function During Normoxic Perfusion

We first confirmed that hearts from WT animals showed presence of NLRX1, whereas no NLRX1 is detected in hearts of the NLRX1-/-mice (Figure 1B). No difference in baseline cardiac performance at T0 was present between NLRX1-/- and WT in our model (Table 1). Subsequently, hearts were left alone and perfused at constant flow for the next 20 min. NLRX1 deletion, compared to control, was without effect on EDP and heart rate development after 20 min baseline perfusion (T20) relative to T0 (Figures 2A, B). However, NLRX1 deletion improved cardiac function, as seen by small but significant increase in RPP (% relative to T0, WT 98 ± 11, NLRX1-/- 106 ± 9, P<0.01, Figure 2C), +dp/dt (% relative to T0, WT 106 ± 10, NLRX1-/- 112 ± 9, P<0.01, Figure 2D) and –dp/dt at (% relative to T0, WT 105 ± 8, NLRX1-/- 108 ± 7, P<0.05, Figure 2E). Additionally, NLRX1 ablation reduced the degree of vasoconstriction when compared to WT hearts (Figure 2F). These results indicate that the presence of NLRX1 impairs cardiac mechanical performance.


Table 1 | Baseline functional values at T0 in WT and NLRX1-/- isolated mouse hearts from protocols 1 to 5.





NLRX1 Deletion Increased Severe IR Injury, Without Affecting Mild IR Injury

We evaluated whether NLRX1 influenced IR injury in isolated hearts (Figure 3). First, we examined a mild ischemic insult (20 min; Figure 3A). At the end of 60 min reperfusion, EDP was 34 ± 16 mmHg, Rate-Pressure-product (RPP) recovered to 46 ± 11%, and infarct size was 22 ± 11% for WT (Figures 3A1–A3). Similar IRI outcome parameters were observed for the NLRX1-/- hearts. Extending the ischemic period to 35 min largely increased damage to the heart. At the end of reperfusion in the WT hearts, EDP was now 59 ± 9 mmHg, RPP recovered to 15 ± 10% only, with an infarct size of 63 ± 8% (Figures 3B1–B3). NLRX1 deletion, modestly but significantly, worsened IR injury, as reflected by an increased EDP (75 ± 13 mmHg), decreased %RPP (6 ± 5%) and enlargement of infarct size (73 ± 11%, P<0.05). Thus, the presence of NLRX1 protects against severe but not mild IRI.




Figure 3 | Effects of NLRX1 deletion on mild (A) and severe (B) IR injury in isolated hearts of protocols 1 and 2. All values determined at 60 min reperfusion. (A1/B1) End diastolic pressure (EDP); (A2/B2) Rate Pressure Product (RPP) recovery; and (A3/B3) Infarct size (IS). DLVP, developed left ventricular pressure; HR, heart rate; AAR, area at risk. Values represent mean ± SD. (n=8/7 per group for (A); n=10/8 per group for (B). *P < 0.05, **P < 0.01 by t test.





NLRX1 Deletion Reduced Activation of Akt Signaling at Early Reperfusion in Severe IR Injury

We investigated whether NLRX1 effects on severe IR injury could be associated with changes in cardiac survival signaling pathways at early reperfusion (Figure 4). NLRX1 deletion significantly reduced Akt phosphorylation at Ser473 site compared with WT group (WT 1.09 ± 0.15, NLRX1-/- 0.83 ± 0.12, P=0.01, Figures 4A, B). AMPK phosphorylation at Thr172 site was not increased in the NLRX1-/- group compared with WT group (WT 0.81 ± 0.13, NLRX1-/- 0.95 ± 0.09, P=0.07, Figures 4C, D). There was no difference in STAT3 phosphorylation at Thr705 site in the NLRX1-/- group compared with WT group (WT 1.04 ± 0.18, NLRX1-/- 1.11 ± 0.20, P=0.57, Figures 4E, F). No differences in p-Akt or p-STAT3 were detected in hearts immediately excised from the animals (Supplementary Figure 1). Next, we examined whether NLRX1 deletion affected mtHK at early reperfusion (Supplementary Figure 2). There was no significant difference in cytosolic HK activity (Figure 1A Suppl) or mtHK activity (Figure 1B Suppl). In addition, no differences were observed in cytosolic HK II (Figures 1C, E Suppl) or mtHKII amount (Figures 1D, F Suppl) between NLRX1-/- group and WT group. Finally, analysis of cardiac inflammatory cytokines at early reperfusion demonstrated similar levels of IL-6 and TNFα between the two genotypes (Figures 1G, H Suppl).




Figure 4 | Survival signaling pathways and inflammatory factors at early stage of reperfusion in severe IRI model of WT and NLRX1-/- isolated mouse hearts of protocol 3. (A, B) Representative immunoblots and analysis of total Akt and phospho-Akt; (C, D) Representative immunoblots and analysis of total AMPK and phospho-AMPK; (E, F) Representative immunoblots and analysis of total STAT3 and phospho-STAT3. Values represent mean ± SD. (n=6/5 per group). *P < 0.05 by t test.





NLRX1 Deletion Increased Lactate Generation and Glucose Oxidation Through Increased PDH Flux

The sequential enrichments of metabolites in the pathway from glucose through glycolysis through the PDH reaction and into and around the TCA cycle are shown (Figure 5A). There are no differences in steady state enrichment between NLRX1-/- and control (WT) through glycolysis up to PEP. Despite identical M+3 PEP enrichments, the pyruvate enrichment was lower in knockouts indicating a dilutive contribution from an unlabeled source (e.g., transamination of alanine, pyruvate or lactate uptake, malic enzyme exchange). Even with lower pyruvate enrichment compared to control, acetyl CoA and all subsequent mitochondrial metabolites were more enriched relative to controls suggesting a greater contribution of pyruvate oxidation relative to beta-oxidation in knockouts.




Figure 5 | Metabolism of isolated beating WT and NLRX1-/- hearts characterized following 35 min perfusion with U-13C6 labeled 5.5 mM glucose or U-13C16 0.4 mM palmitate. (A) Metabolite sequential enrichment in glycolysis (hexose-6-phosphate, PEP, pyruvate), pentose phosphate pathway (erythrose-4-phosphate), pyruvate dehydrogenase (PDH) complex reaction (mtAcCoA) and TCA cycle (citrate, α-ketoglutarate and malate) from 13C glucose. The mitochondrial enrichments reflect the calculated contributions of carbons coming from acetyl CoA in the first turn; (B) Flux contribution (ϕ;), depicted as the ratio of precursor to product enrichment, determined by MIMOSA analysis along central carbon metabolism with each “parent” metabolite giving rise to its respective direct or clustered isotopomer(s); (C) Flux contribution of the 13C palmitate-derived labeled butyrylCoA into acetylCoA or citrate, and acetylCoA into citrate. (D) 13C labeling in PEP and lactate; (E) Flux contribution of the glycolytic intermediate PEP to lactate as proxy for lactate generation; APE(%), atomic percent enrichment (=(labeled isotopomer/total metabolite) * 100); PEP = phosphoenolpyruvate, Values represent mean ± SD (n= 5-10 per group). *P < 0.05, **P < 0.01, ***P < 0.001, by two-way ANOVA followed by LSD test or by t test.



Along a metabolic pathway the enrichment of a product metabolite at metabolic steady state is dependent on the enrichment of its precursor. If the positional (isotopomeric) enrichment of precursor and product are the same, then the precursor is the only pathway contributing to the synthesis of the product. Dilutions in the product enrichment relative to the precursor indicate contributions from other unlabeled pathways. For instance, in the heart pyruvate, beta-oxidation, acetate, and ketones all can contribute to the synthesis of mitochondrial acetyl CoA and so if pyruvate is the only source of label, the dilution of acetyl CoA relative to pyruvate indicates the contribution of carbohydrate oxidation to the TCA cycle. In the controls, the enrichment of mitochondrial acetyl CoA relative to pyruvate (ϕ;pyr→AcCoA) was ~20% indicating that in these perfused hearts, carbohydrates only contributed one fifth of the oxidized carbon through the pyruvate dehydrogenase (PDH) complex. Remarkably, except for the enrichment in acetyl CoA coming from pyruvate, the precursor-product relationships (ϕ;) were identical throughout glycolysis and the TCA cycle (Figure 5B). This indicates the observed differences in enrichment in central carbon metabolism between control and NRLX1-/- can all be attributed to an increase in pyruvate oxidation. Because of the potential contributions of acetate and ketones to non-carbohydrate oxidation at this step, the 13C palmitate perfusions provide a near mirror image to the labeled glucose experiments (Figure 5C). Even so, a trend consistent with increased pyruvate oxidation was shown by the diminished contribution of butyryl-CoA to both acetyl CoA and citrate for NLRX1-/- hearts. Thus, deletion of NLRX1 within the heart resulted in increased mitochondrial PDH-derived acetyl CoA oxidation relative to fatty acid β-oxidation.

In addition to mitochondrial oxidation, glucose can contribute to ATP production by fermentative glycolysis to generate lactate. Since the perfusate also contained unlabeled lactate at a constant concentration, it can exchange across the cardiac monocarboxylate transporter (MCT) at a rate that is a function of glycolytic lactate exit. The premise we used for analysis of this latter part of glycolysis is that lactate M+3 enrichment is a function of the rate of PEP enrichment flowing through pyruvate kinase into lactate dehydrogenase, and that in steady state an increased lactate enrichment reflects increased LDH flux in the direction of lactate generation. Thus, a higher enrichment of heavy lactate (relative to its precursor phosphoenolpyruvate, PEP) is qualitatively indicative of a greater rate of fermentative glycolysis (i.e., there will be less dilution from external unlabeled lactate). With similar PEP enrichments, lactate enrichments were higher in NRLX1-/- heart and the ϕ;PEP→Lactate was also higher (Figures 5D, E). Taken together, these data suggest an overall increase in the glycolytic rate in NRLX1-/- hearts supporting both oxidative and fermentative ATP production.



NLRX1 Deletion Increased Oxygen Consumption Without Alterations in Specific Enzyme Activities

To further characterize whether these changes in glucose metabolism precipitates in changes of overall energy metabolism, cardiac oxygen consumption following 25 min of perfusion of the hearts was determined. Hearts without NLRX1 displayed a 10% higher cardiac MVO2 as compared to WT hearts (Figure 6A). However, oxygen consumption relative to RPP was not altered (Figure 6B), indicating that the increase in oxygen consumption is matched to increased isometric work generated by the NRLX1-/- hearts (see also Figure 2C). Therefore, NLRX1 deletion did not affect cardiac economy.




Figure 6 | Cardiac oxygen consumption and key metabolic enzymes in WT and NLRX1-/- mouse hearts. (A) Myocardial oxygen consumption rate (MVO2) and (B) MVO2/RPP at 25 min baseline perfusion (n=14-16 per group); (C) Total pyruvate dehydrogenase (PDH) relative toα-tubulin, and phospho-PDH (p-PDH) in hearts of both genotypes (n=9 per group); (D) Cardiac enzyme activities for hexokinase (HK), citrate synthase (CS), lactate dehydrogenase (LDH) and short chain 3-hydroxyacyl-CoA dehydrogenase (SCHAD) (n=4–6 per group). RPP, rate pressure product. Values represent mean ± SD. *P < 0.05 by t test.



To examine whether the increased carbohydrate oxidation in the NRLX1-/- hearts was associated with increased PDH activation, we semi-quantitatively determined phosphorylated PDH by western blot techniques in hearts of the 13C palmitate series (Figure 6C). Total PDH and phosphorylated PDH was without significant changes between genotypes. Finally, NLRX1 deletion was without any effect on other marker enzyme activities of lactate metabolism (LDH), glycolysis (HK), mitochondrial metabolism (CS) and fatty acid oxidation (SCHAD) (Figure 6D).




Discussion

In this study we have made several novel observations concerning the role of the mitochondrial innate immune receptor NLRX1 in cardiac tissue, i.e., NLRX1 deletion 1) worsens severe, but not mild, acute IRI, 2) impairs Akt signaling at early reperfusion without changes in other survival protein or inflammatory mediators, 3) increases glucose oxidation relative to fatty acid oxidation with PDH as key regulatory step affected by NLRX1, 5) elevates lactate generation, and 4) increases oxygen consumption and cardiac mechanical function.

NLRX1 is known to function as a negative NLR, attenuating the inflammatory response to bacterial or viral infection (33). It has also been shown to reduce epithelial cell apoptosis and mitochondrial injury during in vivo renal ischemia-reperfusion in mice (8), and reduce cell damage following 24 h hypoxia in H9c2 cells (9). H9c2 cells are undifferentiated, non-contracting, myoblast cells, deviating largely from the beating differentiated adult heart, raising the question to what extent the observed results translate to the intact heart. The current study shows that NLRX1 protects the intact heart against acute IRI. This protection by NLRX1 against acute cardiac IRI seems unrelated to the inflammatory response of the heart, because at early reperfusion no differences in cardiac IL-6 and TNFα between WT and NLRX1 deletion were observed. Ambiguity prevails concerning NLRX1 effects on these cytokines: some studies report decreased IL-6 or TNFα with NLRX1 expression (8, 34), and other studies show no effect (19). For cardiac cells it was suggested that NLRX1 effects on cytokines were mediated through inhibition of NLRP3 expression (9). When NLRP3 is indeed the mediator of NLRX1 effects on cytokines, the very low expression of NLRP3 in healthy hearts (1, 35) can then explain why NLRX1 was without effect on cytokines in the present study. However, during longer reperfusion (hours to days) NLRX1-attenuating effects on inflammation may start to contribute to protection against IRI and remodeling, since cardiac NLRP3 expression increases not till several hours after an acute IR insult (1, 2).

Of the various intracellular survival signaling pathways known to play a causal role in acute cardiac IRI (36) and examined in the present study, NLRX1-ablation induced increased IRI was only associated with decreased phosphorylation of the survival kinase Akt. These differences in p-Akt were absent in non-IR hearts, indicating differences are because of NLRX1 effects on cardiac IRI. However, we cannot further differentiate whether these changes in p-Akt with NLRX1 ablation are specific for severe ischemia only, and not for mild ischemia, because Akt was not determined following mild ischemia. It remains unknown, however, whether NLRX1 directly activated Akt, or whether Akt activation in the presence of NLRX1 is more indirectly, and a consequence of other cellular cardioprotective processes mediated by NLRX1 during IR. An indirect effect seems more likely, given that cancer studies reported decreased Akt activation with increased forced NLRX1 expression (37, 38). It is therefore more likely that the decreased Akt phosphorylation with NLRX1 ablation is a consequence of other NLRX1-ablation induced detrimental mechanisms. One such detrimental mechanism in terms of increasing cardiac IRI may be the increase in energy metabolism in the NLRX1 KO hearts.

At similar energy production, a shift towards glucose metabolism, away from fatty acid metabolism, is generally considered as a cardioprotective strategy against cardiac IRI (22). As such, the increased glucose metabolism in the NLRX1 KO hearts is not commensurate with increased IRI in these hearts. However, we demonstrate that this increased glucose metabolism in the KO hearts is associated with a parallel increase in oxygen consumption, i.e. energy production is actually increased. It is this increase in energy turnover that could be causing the increase in cardiac IRI. Additionally, although fatty acid metabolism was only non-significantly decreased in NLRX1 ablated hearts, it is possible that there is increased accumulation of FA intermediates with diminishing fatty acid metabolism in the KO hearts. Interestingly, such increased accumulation will then also negatively affect Akt signaling (39–41). However, this remains rather speculative and warrants further research, as acylcarnitine levels in the NLRX1 KO heart have not be determined as of yet.

Previous studies reported that NLRX1 deletion resulted in either increased oxygen consumption and fatty acid oxidation in cultures of immortalized non-functional epithelial (8) and hepatocyte cells (19), or increased glycolysis and lactate metabolism, together with elevated LDH activities but without changes in oxygen consumption, in CD4+ T cells (42). Our findings show that the metabolic effects of NLRX1 are likely organ/tissue-specific, because for the heart loss of NLRX1 resulted in increased oxygen consumption, lactate generation and glucose oxidation.

However, the overall effect of loss of NLRX1 is always an activation of metabolism independent of cell type or organ. The increased oxygen consumption upon NLRX1 loss appears to be independent of changes in mitochondrial content, as citrate synthase activity was unaffected. Cardiac oxygen consumption may also be increased through loss of mitochondrially-bound HKII (24). However, mtHKII was also unaffected by NLRX1. Although our current data indicates that NLRX1 affects the intrinsic working of mitochondria, possible through PDH inhibition, further research is warranted to elucidate in more molecular details how NLRX1 regulates mitochondrial function. A general function of NLRX1 is providing an endogenous brake on metabolism. This metabolic brake function of NLRX1 may in itself partly explain its protective action against IRI, given that metabolic slowing protects against reperfusion injury (20, 22). One mechanism through which increased mitochondrial metabolic activity in the NLRX1 KO hearts may contribute to increased reperfusion injury, is that such increased mitochondrial activity may result in increased ROS production upon reperfusion. Indeed, ablation of NLRX1 was shown to increase ROS production following kidney IRI (8). Subsequent cardiac studies are needed to examine whether ROS is also increased in NLRX1 KO hearts subjected to IRI.

The observed increase in cardiac oxygen consumption with loss of NLRX1 was matched by an increased performance of the heart. In other words, NRX1 does not change cardiac efficiency. The increased lactate generation could not be explained by increased lactate dehydrogenase enzyme activity in the NLRX1 depleted heart, and further research will be needed to explore underlying mechanisms.

In conclusion, the results suggest that ablation of the mitochondrial NOD-like receptor NLRX1 exerts a detrimental effect on acute cardiac infarction induced by a prolonged ischemia-reperfusion episode and activates cardiac glucose metabolism and overall energy metabolism. The increase in glucose metabolism seems to be located at the PDH metabolic step. Potential IRI mechanisms contributing to increased IRI due to NLRX1 ablation, relate to elevated energy metabolism and diminished Akt. As NLRX1 seems to be downregulated in the heart from acute myocardial infarction (AMI) (9), the activation of NLRX1 by novel compounds (34) may offer new therapeutic option to protect patients from myocardial infarction.



Data Availability Statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics Statement

The animal study was reviewed and approved by Animal Ethics Committee of the Academic Medical Center, Amsterdam, Netherlands, and performed in accordance with the guidelines from Directive 2010/63/EU of the European Parliament on the protection of animals used for scientific purposes.



Author Contributions

HZ and CZ designed the study. HZ, YX, and DB performed the experiments. HZ, YX, RN, SG, SH, MW, RK, and CJZ provided materials, performed measurements, and analyzed the data. HZ and CZ wrote the manuscript. RN, PZ, MH, NW, SH, and MW revised critically the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the National Institutes of Health/National Institute of Diabetes and Digestive and Kidney Diseases R01 DK 108283 to RK and the Chinese Scholarship Council (201706280114 and 201806270257).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2020.591815/full#supplementary-material



References

1. Zuurbier, CJ, Abbate, A, Cabrera-Fuentes, HA, Cohen, MV, Collino, M, De Kleijn, DPV, et al. Innate immunity as a target for acute cardioprotection. Cardiovasc Res (2019) 115:1131–42. doi: 10.1093/cvr/cvy304

2. Toldo, S, and Abbate, A. The NLRP3 inflammasome in acute myocardial infarction. Nat Rev Cardiol (2018) 15:203–14. doi: 10.1038/nrcardio.2017.161

3. Moore, CB, Bergstralh, DT, Duncan, JA, Lei, Y, Morrison, TE, Zimmermann, AG, et al. NLRX1 is a regulator of mitochondrial antiviral immunity. Nature (2008) 451:573–7. doi: 10.1038/nature06501

4. Killackey, SA, Rahman, MA, Soares, F, Zhang, AB, Abdel-Nour, M, Philpott, DJ, et al. The mitochondrial Nod-like receptor NLRX1 modifies apoptosis through SARM1. Mol Cell Biochem (2019) 453:187–96. doi: 10.1007/s11010-018-3444-3

5. Allen, IC, Moore, CB, Schneider, M, Lei, Y, Davis, BK, Scull, MA, et al. NLRX1 protein attenuates inflammatory responses to infection by interfering with the RIG-I-MAVS and TRAF6-NF-κB signaling pathways. Immunity (2011) 34:854–65. doi: 10.1016/j.immuni.2011.03.026

6. Gharagozloo, M, Mahmoud, S, Simard, C, Yamamoto, K, Bobbala, D, Ilangumaran, S, et al. NLRX1 inhibits the early stages of CNS inflammation and prevents the onset of spontaneous autoimmunity. PloS Biol (2019) 17:e3000451. doi: 10.1371/journal.pbio.3000451

7. Singh, K, Roy, M, Prajapati, P, Lipatova, A, Sripada, L, Gohel, D, et al. NLRX1 regulates TNF-α-induced mitochondria-lysosomal crosstalk to maintain the invasive and metastatic potential of breast cancer cells. Biochim Biophys Acta Mol Basis Dis (2019) 1865:1460–76. doi: 10.1016/j.bbadis.2019.02.018

8. Stokman, G, Kors, L, Bakker, PJ, Rampanelli, E, Claessen, N, Teske, GJD, et al. NLRX1 dampens oxidative stress and apoptosis in tissue injury via control of mitochondrial activity. J Exp Med (2017) 214:2405–20. doi: 10.1084/jem.20161031

9. Li, H, Zhang, S, Li, F, and Qin, L. NLRX1 attenuates apoptosis and inflammatory responses in myocardial ischemia by inhibiting MAVS-dependent NLRP3 inflammasome activation. Mol Immunol (2016) 76:90–7. doi: 10.1016/j.molimm.2016.06.013

10. Nederlof, R, Eerbeek, O, Hollmann, MW, Southworth, R, and Zuurbier, CJ. Targeting hexokinase II to mitochondria to modulate energy metabolism and reduce ischaemia-reperfusion injury in heart. Br J Pharmacol (2014) 171:2067–79. doi: 10.1111/bph.12363

11. Nederlof, R, Gürel-Gurevin, E, Eerbeek, O, Xie, C, Deijs, GS, Konkel, M, et al. Reducing mitochondrial bound hexokinase II mediates transition from non-injurious into injurious ischemia/reperfusion of the intact heart. J Physiol Biochem (2016) 73:323–33. doi: 10.1007/s13105-017-0555-3

12. Smeele, KM, Southworth, R, Wu, R, Xie, C, Nederlof, R, Warley, A, et al. Disruption of hexokinase II-mitochondrial binding blocks ischemic preconditioning and causes rapid cardiac necrosis. Circ Res (2011) 108:1165–9. doi: 10.1161/circresaha.111.244962

13. Nishino, Y, Miura, T, Miki, T, Sakamoto, J, Nakamura, Y, Ikeda, Y, et al. Ischemic preconditioning activates AMPK in a PKC-dependent manner and induces GLUT4 up-regulation in the late phase of cardioprotection. Cardiovasc Res (2004) 61:610–9. doi: 10.1016/j.cardiores.2003.10.022

14. Hausenloy, DJ, Tsang, A, Mocanu, MM, and Yellon, DM. Ischemic preconditioning protects by activating prosurvival kinases at reperfusion. Am J Physiol Heart Circ Physiol (2005) 288:H971–6. doi: 10.1152/ajpheart.00374.2004

15. Smith, RM, Suleman, N, Lacerda, L, Opie, LH, Akira, S, Chien, KR, et al. Genetic depletion of cardiac myocyte STAT-3 abolishes classical preconditioning. Cardiovasc Res (2004) 63:611–6. doi: 10.1016/j.cardiores.2004.06.019

16. Ruiz-Meana, M, Inserte, J, Fernandez-Sanz, C, Hernando, V, Miro-Casas, E, Barba, I, et al. The role of mitochondrial permeability transition in reperfusion-induced cardiomyocyte death depends on the duration of ischemia. Basic Res Cardiol (2011) 106:1259–68. doi: 10.1007/s00395-011-0225-5

17. Zuurbier, CJ, Heinen, A, Koeman, A, Stuifbergen, R, Hakvoort, TB, Weber, NC, et al. Cardioprotective efficacy depends critically on pharmacological dose, duration of ischaemia, health status of animals and choice of anaesthetic regimen: a case study with folic acid. J Transl Med (2014) 12:325. doi: 10.1186/s12967-014-0325-8

18. Miura, T, and Miki, T. Limitation of myocardial infarct size in the clinical setting: current status and challenges in translating animal experiments into clinical therapy. Basic Res Cardiol (2008) 103:501–13. doi: 10.1007/s00395-008-0743-y

19. Kors, L, Rampanelli, E, Stokman, G, Butter, LM, Held, NM, Claessen, N, et al. Deletion of NLRX1 increases fatty acid metabolism and prevents diet-induced hepatic steatosis and metabolic syndrome. Biochim Biophys Acta Mol Basis Dis (2018) 1864:1883–95. doi: 10.1016/j.bbadis.2018.03.003

20. Burwell, LS, Nadtochiy, SM, and Brookes, PS. Cardioprotection by metabolic shut-down and gradual wake-up. J Mol Cell Cardiol (2009) 46:804–10. doi: 10.1016/j.yjmcc.2009.02.026

21. Stanley, WC, Lopaschuk, GD, Hall, JL, and McCormack, JG. Regulation of myocardial carbohydrate metabolism under normal and ischaemic conditions. Potential for pharmacological interventions. Cardiovasc Res (1997) 33:243–57. doi: 10.1016/s0008-6363(96)00245-3

22. Zuurbier, CJ, Bertrand, L, Beauloye, CR, Andreadou, I, Ruiz-Meana, M, Jespersen, NR, et al. Cardiac metabolism as a driver and therapeutic target of myocardial infarction. J Cell Mol Med (2020) 24:5937–54. doi: 10.1111/jcmm.15180

23. Soares, F, Tattoli, I, Wortzman, ME, Arnoult, D, Philpott, DJ, and Girardin, SE. NLRX1 does not inhibit MAVS-dependent antiviral signalling. Innate Immun (2013) 19:438–48. doi: 10.1177/1753425912467383

24. Nederlof, R, Denis, S, Lauzier, B, Rosiers, CD, Laakso, M, Hagen, J, et al. Acute detachment of hexokinase II from mitochondria modestly increases oxygen consumption of the intact mouse heart. Metabolism (2017) 72:66–74. doi: 10.1016/j.metabol.2017.04.008

25. van Weeghel, M, Abdurrachim, D, Nederlof, R, Argmann, CA, Houtkooper, RH, Hagen, J, et al. Increased cardiac fatty acid oxidation in a mouse model with decreased malonyl-CoA sensitivity of CPT1B. Cardiovasc Res (2018) 114:1324–34. doi: 10.1093/cvr/cvy089

26. Khairallah, M, Labarthe, F, Bouchard, B, Danialou, G, Petrof, BJ, and des Rosiers, C. Profiling sunstrate fluxes in the isolated working mouse heart using 13C-labeled substrates: focusing on the origin and fate of pyruvate and citrate carbons. Am J Physiol Heart Circ Physiol (2004) 286:H1461–70. 2004. doi: 10.1152/ajpheart.00942.2003

27. Liepinsh, E, Makrecka, M, Kuka, J, Makarova, E, Vilskersts, R, Cirule, H, et al. The heart is better protected against myocardial protection in the fed state compareed to the fasted state. Metabolism (2014) 63:127–36. doi: 10.1016/j.metabol.2013.09.014

28. Zuurbier, CJ, Eerbeek, O, and Meijer, AJ. Ischemic preconditioning, insulin, and morphine all cause hexokinase redistribution. Am J Physiol Heart Circ Physiol (2005) 289:H496–9. doi: 10.1152/ajpheart.01182.2004

29. Uthman, L, Nederlof, R, Eerbeek, O, Baartscheer, A, Schumacher, C, Buchholtz, N, et al. Delayed ischaemic contracture onset by empagliflozin associates with NHE1 inhibition and is dependent on insulin in isolated mouse hearts. Cardiovasc Res (2019) 115:1533–45. doi: 10.1093/cvr/cvz004

30. Held, NM, Kuipers, EN, van Weeghel, M, van Klinken, JB, Denis, SW, Lombès, M, et al. Pyruvate dehydrogenase complex plays a central role in brown adipocyte energy expenditure and fuel utilization during short-term beta-adrenergic activation. Sci Rep (2018) 8:9562. doi: 10.1038/s41598-018-27875-3

31. Heinrich, P, Kohler, C, Ellmann, L, Kuerner, P, Spang, R, Oefner, PJ, et al. Correcting for natural isotope abundance and tracer impurity in MS-, MS/MS- and high-resolution-multiple-tracer-data from stable isotope labeling experiments with IsoCorrectoR. Sci Rep (2018) 8:17910. doi: 10.1038/s41598-018-36293-4

32. Alves, TC, Pongratz, RL, Zhao, X, Yarborough, O, Sereda, S, Shirihai, O, et al. Integrated, Step-Wise, Mass-Isotopomeric Flux Analysis of the TCA Cycle. Cell Metab (2015) 22:936–47. doi: 10.1016/j.cmet.2015.08.021

33. Nagai-Singer, MA, Morrison, HA, and Allen, IC. NLRX1 Is a Multifaceted and Enigmatic Regulator of Immune System Function. Front Immunol (2019) 10:2419. doi: 10.3389/fimmu.2019.02419

34. Leber, A, Hontecillas, R, Zoccoli-Rodriguez, V, Bienert, C, Chauhan, J, and Bassaganya-Riera, J. Activation of NLRX1 by NX-13 Alleviates Inflammatory Bowel Disease through Immunometabolic Mechanisms in CD4(+) T Cells. J Immunol (2019) 203:3407–15. doi: 10.4049/jimmunol.1900364

35. Jong, WM, Leemans, JC, Weber, NC, Juffermans, NP, Schultz, MJ, Hollmann, MW, et al. Nlrp3 plays no role in acute cardiac infarction due to low cardiac expression. Int J Cardiol (2014) 177:41–3. doi: 10.1016/j.ijcard.2014.09.148

36. Heusch, G. Molecular basis of cardioprotection: signal transduction in ischemic pre-, post-, and remote conditioning. Circ Res (2015) 116:674–99. doi: 10.1161/circresaha.116.305348

37. Hu, B, Ding, GY, Fu, PY, Zhu, XD, Ji, Y, Shi, GM, et al. NOD-like receptor X1 functions as a tumor suppressor by inhibiting epithelial-mesenchymal transition and inducing aging in hepatocellular carcinoma cells. J Hematol Oncol (2018) 11:28. doi: 10.1186/s13045-018-0573-9

38. Tattoli, I, Killackey, SA, Foerster, EG, Molinaro, R, Maisonneuve, C, Rahman, MA, et al. NLRX1 Acts as an Epithelial-Intrinsic Tumor Suppressor through the Modulation of TNF-Mediated Proliferation. Cell Rep (2016) 14:2576–86. doi: 10.1016/j.celrep.2016.02.065

39. Blackburn, ML, Ono-Moore, KD, Sobhi, HF, and Adams, SH. Carnitine palmitoyltrnasferase 2 knockout potentiates palmitate-induced insulin resistance in C2C12 myotubes. Am J Physiol Endocrinol Metab (2020) 319:E265–75. doi: 10.1152/ajpendo.00515.2019

40. Aguer, C, McCoin, CS, Knotts, TA, Thrush, AB, Ono-Moote, K, McPherson, R, et al. Acylcarnitines: potential implications for skeletal muscle insulin resistance. FASEB J (2015) 29:336–45. doi: 10.1096/fj.14-255901

41. Liepinsh, E, Makrecka-Kuka, M, Makarova, E, Volska, K, Vilks, K, Sevostjanovs, E, et al. Acute and long-term administration of palmitoylcarnitine induced muscle-specific insulin resistance in mice. Biofactors (2017) 43:718–30. doi: 10.1002/biof.1378

42. Leber, A, Hontecillas, R, Tubau-Juni, N, Zoccoli-Rodriguez, V, Hulver, M, McMillan, R, et al. NLRX1 Regulates Effector and Metabolic Functions of CD4(+) T Cells. J Immunol (2017) 198:2260–8. doi: 10.4049/jimmunol.1601547



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2020 Zhang, Xiao, Nederlof, Bakker, Zhang, Girardin, Hollmann, Weber, Houten, van Weeghel, Kibbey and Zuurbier. 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.


OEBPS/Images/fimmu.2020.591815_cover.jpg
, frontiers
in Immunology

NLRX1 Deletion Increases
Ischemia-Reperfusion Damage and
Activates Glucose Metabolism in
Mouse Heart





OEBPS/Images/fimmu-11-591815-g002.jpg
. » b
eop a0 HRatT20 RePOLYHR at 120
200- 120 - L]
150 5 120
. - £
IS £ H
S o S S
£ 7] ‘
ol P il w
o- 60 Lo
e i
3 e .
e P
160- o 140- b 200-
- E
wl . : -
2 3
% 120- % 110 ? % 100-
£ L z
| |7 w
ol |3
e . g o gy





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        NLRX1 Deletion Increases Ischemia-Reperfusion Damage and Activates Glucose Metabolism in Mouse Heart

      

        		

          Background

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusion

        



        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Animals

          



          		

            Heart Isolation and Perfusion

          



          		

            Experimental Protocols

          



          		

            Infarct Size Measurement

          



          		

            Tissue Homogenization

          



          		

            Enzyme Activity Assays

          



          		

            Western Blotting

          



          		

            Cytokine Determination in Hearts

          



          		

            LC-MS

          



          		

            MIMOSA Analysis

          



          		

            Statistics

          



        



        



        		

          Results

        

          		

            NLRX1 Deletion Enhanced Mechanical Function During Normoxic Perfusion

          



          		

            NLRX1 Deletion Increased Severe IR Injury, Without Affecting Mild IR Injury

          



          		

            NLRX1 Deletion Reduced Activation of Akt Signaling at Early Reperfusion in Severe IR Injury

          



          		

            NLRX1 Deletion Increased Lactate Generation and Glucose Oxidation Through Increased PDH Flux

          



          		

            NLRX1 Deletion Increased Oxygen Consumption Without Alterations in Specific Enzyme Activities

          



        



        



        		

          Discussion

        



        		

          Data Availability Statement

        



        		

          Ethics Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fimmu-11-591815-g004.jpg
p-Akt
Akt

Actin

p-AMPK
AMPK

Actin

o-STATS
STATS

Actin

WT  NLRX1*

-————
—————

WT NLRX1*
e

WT  NLRX1

60kDa.

60kDa.

42kDa

62kDa

62kDa

42kDa

86kDa

86kDa

42kDa

Ratio

Ratio

Ratio

204

b w

0.54
0.0- —
AktiActin p-AkUAKt

2.0
154

wlmd A
054

0.0- L
STAT3/  p-STAT3/
‘Actin STAT3






OEBPS/Images/fimmu-11-591815-g006.jpg
3 *
& —_— g 16
% o . g
£ o & 12
3 0 -]
3 a0 -| gios
Q 30 T = 04
= WT  NLRX1"

£z 58 2

P-PDH e s W W 43¢Da

2
b1
PDH g o W W 4302 @
a-tubulin 55kDa
PDH/  p-PDHI
atubulin  PDH
0 o wr
z
T 1.2 o NLRX1™
£ L]
g o7 || ﬁ
2 02 &
£ 0.0
§ 0.05
%o.oo
o HK ©S  LDH SCHAD





OEBPS/Images/fimmu-11-591815-g003.jpg
S0 WL U

ool b

At 81
Eop Eop
120- 120- i
R %
fu fa
= 30- 3.
o o
NLRX1*
2 62
RPP(DLVP*HR) Recovery RPP(DLVP*HR) Recovery
100- 909 *
= T ] =
E 5: I § 60
-] °
£ 5 o gl .
oL . o ﬁ el
wr NLRX1" wr NLRX1™
A3 63
ISR ISAAR
100 100 *
a0 80 o
2001 +
= 4o
20
0 T
wr NLRX1"
84






OEBPS/Images/fimmu-11-591815-g001.jpg
A

Pro. t:midischomia | Bosoin [REA] Roporuson®)
» 4w

7 (min) o 100

Pro 2 soveroischama | Gosein [IRGAI]  Reperiiont®)

e i w ~
i w =
. et [ B

T(min) o K

Pro. 5: pamiate motabossm [ Baseine.

Ty 0 35
: wr NLRX1:
NLRX1 e e s o 108kDa

Al —————— (0

15

wrre10;
LRX (1=





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-11-591815-g005.jpg





OEBPS/Images/table1.jpg
wr NLRX1™

P (HG) 8129 82212
EDP (mmHg) 31213 36216
DLVP (miHg) 129217 180 £ 18
HR (oeals/min) 348237 242236
RPP (DLVP'HR) 44875 2 7177 44421 + 6975
+dp/ct (mmHg/s) 5070 + 792 4833 £ 652
~dp/ct (mmHg/s) 4281 + 491 4215 £ 438
Flow (myimin) 21206 20204

No dfernce was found in baseine charactrstics between WT and NLAX1 groups.
Vales ropresent means = SO (1=41 in WT group and n=34 1 NLRKI" GrouD). P
peruson pressure: EOP, end iastokc prossur; DLVP, deveoped et venticuar
cvossure; HA, hoart rate; APP, ralo pressuro product; +0p/c, maimum coniracton
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